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i, ABSTRACT 

Fracture mechanisms of graphite-polyimide composite 
material are studied with acoustic emission (AE). 

Selected for study are four different fiber composite 
configurations, exhibiting specific predominant fracture 
mechanisms, as verified under scanning electron microscope, 
AE counts, AE-RMS, and load versus time are presented 

from specimen tensile tests, 

A wide band (125 kHz - 2 MHz) AE recording system is 
used to facilitate the spectral analysis of individual AE 
events, Data analysis techniques are developed which allow 
for statistical comparison of the similarities between 
groups of AE spectral energy distributions arising from 
specimens having different predominant AE generation 
mechanisms, 

Unique group spectral energy distribution character- 
istics are distinguished in the 90°, 10° and 
(+ 45°, + 45°). specimens using the paired~sample t 
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statistical test. However, no unique AE spectral energy 
distribution characteristics are identified in 0° 
specimens, Total AE energy and AE spectral energy 
distribution appear to be dependent upon specimen load, 

AE event duration is established as a distinguishing 
characteristic between AE of 0° and 10° specimens versus 
AE of (+ 45°, + 45°). and 90° specimens, 

AE irreversibility or shakedown with respect to load 
is observed to generally predominate for unflawed 
specimens, However, AE irreversibility seems to be 
violated once an active fatigue crack is generated in the 
apecimen during load cycling, 

More rigorous statistical characterization of AE 
from predominant fracture mechanisms is recommended along 
with a detailed study of AE dispersion and attenuation 
properties of the composite material, Finally, it is 
recommended that AE mean energy-stress constitutive 


relationships be developed, 


Thesis Supervisor: James H, Williams, Jr. 
Title; Associate Professor of Mechanical 
Engineering 
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IT, INTRODUCTION 

mm, Background 

1. Definitions 

a, Acoustic Emission (AE) 

"Acoustic emission" (AF) means vibrational energy 
released from the increvental deterioration of raterials 
subjected to stress. This phenomenon has been seriously 
studied in materials for the last thirty years. AE has 
been used successfully to nondestructively test many 
materials, ranging from metals to nylon rope. It has been 
applied both as an early warning system of catastrophic 
failure and as a laboratory tool to study basic material 
fracture mechanisms. Some of the techniques of monitoring 


acoustic emission are described in Appendix A, 


b, Fiber Reinforced Composites 

Fiber reinforced composites are generally man-made 
materials consisting of relatively stiff fibers embedded in 
eeuers Compliant matrix. The application of such materials 
is not really new. For instance, papyrus reeds ina pitch 
matrix were used for small boat construction on the Nile 
Raver Carlier than 3,000 B.C. Recentliv, through the 
combination of graphite or elass fibers with epoxy or 
polvinide resins, technology has produced new materials 
having streneth to weight ratios over three times that of 


many structural steels, Consequently there are potentially 
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many advantages which can be gained by using these new 
materials in pressure vessels, high performance aircraft, 


and watercraft, 


2. AF Applications to Fiber Reinforced Composites 
a. Previous Work 

Like many other materials, fiber reinforced composites 
generally emit sonic and ultrasonic vibrations as they 
incrementally deteriorate when subjected to stress. The 
first commercial use of acoustic emission was by Aerojet 
General Corporation in 1962 (1), They applied it to fiber 
composite Polaris missile chambers as a safety device to 
warn of premature failure during hydrostatic proof testing, 
From 1962 to 1970, little work was done to further qualify 
acoustic emission applications for composite materials. 

AS has been specifically used to study fiber composite 
failure mechanisms since 1971. Rathbun et al. (2) tested 
standard tensile specimens, each made of clear epoxy 
containing a single strand of glass fibers down the center, 
varaljel to the loading axis. Large AE bursts were 
detected and correlated with the visible appearance of 
fiber fractures, They observed "cone shaved" fissures in 
the epoxy resin in the immediate vicinity of the contracted 
broken fiber tips. Tensile tests of homogeneous epoxy 
specimens produced no AE which could be detected by their 


instrunentation. They conducted additional experiments 
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with glass fiber reinforced spherical pressure vessels, 
mounting a pair of transducers for AF source location, 
Their results suggested a sipnificant correlation between 
the number of AE events occurring ina region and the 
number of broken strands in that region, However, they 
found no definite indication in the AE pattern which would 
allow for a prediction of the burst pressure of a spherical 
vessel, 

Liptai (3) investigated tensile failures of filament 
wound rings with AEF and concluded that a cumulative damage 
fracture mode governed failure of such material, 

Rothwell and Arrington (4) used compression samples 
composed of a transparent epoxy matrix containing a single 
carbon fiber aligned parallel to the loading axis, 
Compression caused the fiber to debond from the epoxy 
causing a visually detectable defect and releasing AE 
detectable by their AE counter. Their studies identified 
two different types of AF patterns, If a debond area 
initially existed in a specimen, AE count rate would 
sradually increase with increasing load on the specimen, 
Undamaged specimens, on the other hand, exhibited suddenly 
large increases in counts (as a completely bonded specimen 
would suddenly debond at a certain load). They emphasized, 
however, that their AE monitoring system could not 
discriminate between debonding, matrix or fiber fracture 
mechanisms, 
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Using. amplitude discrimination techniques, Swanson 
and Hancock (5) correlated one AF count to each filament 
fracture in boron fiber reinforced aluminum, 

Mehan and Mullin (6) attempted to distinguish 
between AE characteristics of fiber fracture and those of 
fiber debonding. They suggested that debonding was a much 
more "gradual" event, resulting in a lower energy AE, 

Balderston (7) concluded from tests on notched boron 
fiber reinforced epoxy specimens that resin failure was 
characterized by AE bursts of much lower energy content 
than those arising from fiber failure, 

Most of the studies mentioned so far largely reported 
results of a qualitative nature and, with the possible 
exception of fiber fracture detection and location, were 
not too successful in characterizing specific failure 


mechanisms with AE, 


b, Quantitative Evaluation of Failure Mechanisms with AE 
({) State of the Art Limitations 

Guild and Walton et al. (8) stated that acoustic 
emission in fiber composites can be broadly related to 
material derradation but that quantitative relationships 
rely to 2 larce extent upor cs ccessfu' failure mode 
Momt it icat os These quantitative ef*o~ts to further 
characterize the nature of AE securce mechanisms have not 
beer accovyrlished, This is unfortunate because fiber 


composite materials uSually have several failure 
16 





mechanisms, some critical to structural strength and 
others which are not critical. Since all of these 
mechanisms are potential AE sources, the development of 
AE techniques with the capability to distinsuish and 
discrizinats between the failure mechanisms becomes 
imverative., Today there is a flurry of research activity 


directed towards achieving these ends. 


(2?) Promising Techniques 


Two of the nore promising techniques seem to be 


anplitude distribution and spectral analvsis. 


=— 


(a) Amplitude Distribution 
Amplitude distribution is the studv of the relative 
nonulation of AF peaks in the time domain. A good 


Aiscussion of this technique is siven by Ono in (9), 


(b) Spectral Analysis 

Spectral analysis is the study of the distribution 
of AE energy in the frequency domain, Carlvle (10) 
indicated that the energy contained in an Aw is a 
function of the duration and extent of the deformation 
eausine the AF, He stated that the total enerey of an AF 
1s directiv denendent upon the magnitude of its source 
deformation nechanisn, The AE enerev, he stated, is 
carried ina frequency spectrum which -xtends up to a 


frequency which is inversely proportional to the duration 
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of the source event, 

Mehan and Mullin (6) broadly characterized AE spectra 
from graphite epoxy as having predominant energy below 
20 kHz with "different" spectral signatures for different 
failure mechanisns. Thev claimed that different AE 
spectral signatures resulted from fiber fracture, natrix 
fracture and debonding in boron epoxy composites. 
Mnfortunately, their AE svstem was of only limited 
bandwidth capability and operated at frequencies also 
dominated by natural resonances of the Specimens. This 
may have affected their results. 

Pipes et al. (11) reported that the observed spectral 
content of the AE from boron aluminum conposite specimens, 
which deformed primarily in transverse tension, was 
unaffected when detected with either of two different 
transducers, one with a 0.1 - 0.3 MHz band pass filter 
and the other with a 0,1 MHz high pass filter. Other 
specimens, which deformed with large in-plane shear, 
oroduced auite different spectra of reduced amplitude for 
the same transducer-filter substitution, These results 
might be construed to imply that AF duo to transverse 
tension defornation contained substantial spectral energy 
in the bandwidth 0.1 - 0.3 MHz, AE from in-plane shear 
deformation nechanisms night have contained significant 
spectral energy at frequencies outside of the AE 


systen's bandwidth (assuming that the spectral responses 
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of the two attached transducers were approximately the 
same), 

Speake and Curtis (12) attempted to correlate the 
spectral content of AF with the fracture modes in 
graohite epoxy tensile and torsion specimens. Their 
results were ratner qualitative in nature but suggested 
that fiber breakage nechanisms exhibited spectral energy 
of significantly lower frequency than matrix cracking 
mechanisms, They reported that emission spectra were also 
dependent upon material type, test piece geometry and 


transducer mounting, 


3. Predominant Failure “Mechanisms of Fiber Reinforced 
Composites 
a, General Catesorization 

Before a successful AE characterization of fiber 
composite failure mechanisms can be accomplished, it is 
necessary to establish the expected nechanisms of failure 
for specific types of specimens. Fiber conposite failure 
mechanisns nay be broadly categorized as fiber breakage, 
tensile failure of the matrix, shear failure of the matrix, 
delamination between plies, and interface failure between 


fibers and natrix (such as fiber vbullout). 


b. Specimen Selections for Failure Mechanism Studies 
The studv of failure nechanisms can be facilitated by 
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the selection of specimens in which only one to two such 
mechanisms predoninate. Potential specimens for study 
are unidirectional 0°, unidirectional 10°, unidirectional 


So, and (+.45°, + Luise) 


Gi ) 0° Specimen Failure Vechanisms 


0° 


specimens generally exhibit two predominant 

failure mechanisms, Rollings (13) studied radiographs of 
0° boron aluminum fatigue Specimens which had been unloaded 
just prior to specimen failure (as predicted by a suddenly 
increasing acoustic emission rate). He observed that many 
shear cracks had propagated parallel to the filaments 

prior to specimen rupture, In other specimens loaded to 
failure he observed multiple fractures of fibers over a 
very limited length near the crack tip. He believed this 
to be evidence of a "crazing" failure mnechanisn, 

Berg and Rinsky (14) examined high speed photorraphs 
of 0° rpraphite epoxy specimens. Their results suggested 
that after one main crack propagated across the fibers near 
the testing nachine grins, longitudinal cracks visibly 
opened between the fibers and propagated towards the main 
erack from nucleation sites near the specinren's center, 

All of their 0° specimens shattered with both longitudinal 
and transverse fracture surfaces, They proposed that 


these Jongitudinal cracks resulted from reverberation of 


the specinen whereby internal stress wave reflections 
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created local sites of high transfibrile tension, They 
also proposed that critical failure in each of the om 
specimens nucleated with the rupture of a small bundle 

of fibers at or near the edge of the specimen, References 
(13) and (14) disagree on the order of occurrence of the 
two fracture mechanisms in 0” specimens, However, they 
both recognize the presence of both a longitudinal 
cracking ~echanism between fibers and a transverse 
eracking mechanism across the fibers, Roth also specify 
that it is the transverse fiber breakage mechanism which 


e e e e oO e 
iomererr.scal in O° specimens, 


(2) 10° Specimen Failure Mechanisms 

10° specimens exhibit only one predominant failure 
merhranism, intralaminar shear between fibers alone the 
10° direction, Chamis (15) cvives a good discussion of the 
Stress distribution which leads to this characteristic 


° . O eure : . ° 
shear failure in 10° unidirectional fiber connosites, 


oie (+ te? 2 Lage) Specimen Failure Mechanisms 


RE TM I elie 


tae i. bd We). specimens exhibit several failure 
mechanisms, Rotem and Hashin (16) reported that the 
atreassestrain curves from such specimens show a plates’ 
Geese ity increasing strain wnder constant stress, 
Slamelar to plastic yield behavior in ductile materials, 
They observed that the onset of failure in such specimens 
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is not due to interlaminar shear, but to lamina cracking, 
starting just before the plateau on the stress-strain 
curve, Cracking occurs progressively between fibers at 
various locations, criss-crossing the whole specimen, The 
number of cracks increases with continued elongation of the 
Specimen. In the latter stares of failure, interlaminar 
yielding berins, causing bundles of fibers to move and 
change orientation with the loading axis prior to 

specimen failure, 

Chang et al. (17) studied failure mnechanisns in 
notched (+ ea aS be) graphite epoxy specimens with 2 
modified X-ray visualization technique, Their observations 
of inerenmental damage occurring at the crack tinvs during 
ramp loading tensile tests suggested that matrix failures 
occurred prior to delamination between plies, After 
delamination started, the failure process accelerated until 
total specimen rupture occurred, 

Panne) anad@{17) agree that failure in a 
(+ 45° + bee). specimen is precluded by the nucleation of 


cracks between fibers and is culminated by final delamin- 


ation between ovlies, 


(4) 90° Snecimen Failure Mechanisms 
90° specimens fail in the matrix along the direction 
@f tme fibers. All reports seen to have concurred that 


this ig due to tensile failure of the matrix and occurs in 
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a very localized band of the specimen, Liptai (3) 
Suggested the existence of a fatigue mechanism in 
glass/resin systems whereby small cracks initiate and 
propagate in the resin phase, where high localized stress 
concentrations produce small "“decohesive” failures, It 
might be envisioned that the joining up of these smaller 
Seeens into larger cracks of critical lYength result in 
Specimen failure in the matrix between fibers, 

Table 1 summarizes the expected failure modes for 


oe 10°, Gr Tet aa BE 45) a and 90° specimens, respectively. 


on Random Characteristics of AE and Statistical 
Approaches for its Analysis 

It should be noted that even though a particular 
specimen type may exhibit a predominant fracture mechanism, 
there is no suarantee that the vibrational energy released 
during each incremental fracture will have identical 
characteristics, Thus it is extremely unlikely that a 
direct comparison between a single AE event and another 
4E event will allow for discrimination of fracture 
mechanisms. However, if a group of such AF events is 
treated as random data and statistically analyzed, unique 
sroup properties may become apparent which allow for the 
characterization of individual fracture mechanisms. 

Amplitude distribution, mentioned previously, uses a 


statistical approach to characterize group properties of 
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acoustic emissions. However, statistical approaches have 


not been used in most spectral analysis studies of AF. 


B Objective of This Work 





The objective of this work is to study the AE 
characteristics of graphite fiber reinforced composite 
specimens that exhibit predominant mechanisms of failure. 
An attempt is made to establish an AE signature unique to 
each tyve of specimen, Primary emphasis is placed on 
establishing experimental and statistical analysis 
procedures for obtaining quantitative distinction between 
the AE svectral energy distributions of specimens 


exhibiting different predominant failure mechanisms. 
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TIT. DISCUSSION 


A, Specimens 
Dy Types Selected 


Four specimen types were selected for study. They 
were (as neasured relative to the loading axis) Oo- 10°, 


and 90° unidirectional and (+ Te + 5?) specimens, 


es Material 

The specimens were cut from laminates made of AS-i 
sraphite fiber (Hercules) in a polyinide, PR-288, neat 
Reaen (3M). The (+ Tse + 45) specimens were cut from 
a single panel, A portion of this panel was sprayed 
during layup between its fourth and fifth plies with 


polyvinyl alcohol, a delaminating agent, 


3. Fabrication of Specimens 

All vanels were die nolded and held for two hours 
under a pressure of 2,17 MPa and a temperature of sds GF 
The finished laminates were found to be acceptable under 
both C-scan and amplitude scan ultrasonic examination, 
Each laminate was cut into a number of specimens using 
a water corled diamond wheel, Aluminum tabs were bonded 
to the ends of each specimen, These tabs were tapered to 
minimize stress concentrations at the tab-specimen inter- 
faces, Fach snecimen's tab was inscribed with a particular 
identification number (see Table 2) Special grips were 


LS. 





fabricated for the specimens, These were bolted onto 
each of the end tabs and insulated with electrical tanpe 


(see Figure 1). 


4, Specimen Dimensions 


The dimensions for each specimen are given in Table 3, 


E. Test Equinment and Instrumentation 

An FC-500 (Acoustin Emission Technology, Tne. (AEFT)) 
moume hand transdueer, bavéns ar exceptionally flat 
response curve {ceo Pictine 2) ayer the fraquencias 
eee ae 10 2 2, wes used, The transducer's sensitivity 
ever this frequency range was apnproximatelv 30,0 
~icrovolts/Pa. The transducer was held onto the specimen 
with two rubber bands (B.F. Goodrich #12) and coupled with 
AET-SC6 viscous resin (excent as noted in Table 4). The 
transducer's output was innedance buffered, amplified by 
60 dB, and aeons: filtered (bandpass) between 125 kHz 
and 2? MHz (see Fieure 3). (Note: The filter had 
24 aR/octave roll-off on either side of the passband,) A 
sienal vrocessor (AET Model] 201) provided an additional 
4O dR anplification, counted the number of signal 
unerosesings above a pre-set voltage threshold, and 
maasured the root mean square (RMS) of the signal voltage, 
averaged over 5% msec intervals. (See Appendix A for 
more details.) The outnuts of AE counts and AF-RMS were 
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recorded on an X-Y recorder (Hewlett Packard Model 7046 A), 
Amplified AE signals were output from the signal processor 
to a video tane recorder (AET modified Sony AV-3650) which 
exhibited a flat reproduction response between 100 kHz and 
2 MHz. A spectral analyzer (Hewlett Packard Model 8557 A) 
was used to nonitor the system's background noise. 

An Instron tensile testing machine was used to pull 
the specimens anart. Load versus time was recorded on the 
audio channel of the video tape recorder and indicated on 
the Instron machine's chart recorder, The test 


instrumentation is displayed in Figure 4, 


e. Test Procedure 

Detailed experimental procedural notes are presented 
in Aopendix F, Particular care was taken to elivinate 
electronagnetic interference (EMI) by electrically 
grounding both specimen and transducer to the A™ systen's 
common ground, As previously mentioned, the specimen's 
erips and loading pins were also electrically insulated 
fron the Instron testing nachine, To further reduce EMI, 
the transducer'’s leads to the preamplifier, and the 
preamplifier, itself, were carefully wrapped in aluminun 
foil (cee Fisure 3), The specinens were carefully aligned 
in the Instron machine's loading fixture, This loading 
fixture was equipped with a universal joint and was also 


free to rotate in the horizontal plane. 
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The specimens were extended at a uniform rate of 
0,508 mm/min (except as noted in Table 4), Several 
specimens of each type were ramp loaded to failure in 
tension while AF was detected, processed, and recorded, 
Other specinens of each type were loaded, unloaded, and 
reloaded to allow for the monitoring and study of any AF 
shakedown behavior which night be displayed. After the 
specimens had been extended to failure, their fracture 
surfaces were carefully retained for later examination 


with the scanning electron microscope (SEM), 


D. Data Analysis Procedure 





le, (SEM) Fvaluation of Fracture Tivos 





The fracture surfaces from various specimen types were 
examined under SEM, Particular attention was paid towards 
establishing the specimens! predominant fracture nechanisms 
and observing any characteristics which might be unique to 


fractured surfaces fron specific types of specimen failure, 


ee AE Counts, AE-RMS and Load 


a 








AF counts, AE-RMS and load were all normalized with 
reanect to each parameter's maximun value which occurred 
during the test. This tyne of presentation facilitated 


identification of data trends. 
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SY Spectral Analysis 


a. AE Just Prior to Specimen Rupture 
AEF generated just prior to each specimen's rupture 
were spectrally analyzed in an attempt to identify the 


“spectral signatures" of each of the specimen's critical 


predominant failure mechanisms. 


om AE Spectra at Various Loads 


O , : 

Abe trom (+ 5°, eg OS es specimens at various loads 

were also spectrally analyzed, seeking to establigh some 
preliminary evidence of svectral enerey distributior 


meenasw@anich rieht be related to the specinen's load, 


e. Spectra) Analysis Procedures 

The taped records of the AE were replayed on the 
video tape recorder. This recorder offered the facility 
tn slowly sean the test record and locate an individual AE 
event. The reeorder could then be set ir a “stov action" 
node, replavin.: the same A™ signal cixty times per second, 
This resulted in an effective transformation of a 
transient event into 2a periodic signal, This periodic 
Sienal was nultiplied bv a synchronized time gate, The 
time mate ennid be adjusted in width so that it only 
pernitted the signal to pass during the AF event, It is 
inportant to note that any AE event wae actually 


sunerposed upon the svstem's background noise, sinilar to 
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that which existed just prior to the AF event. (see 
Appendix A for more details) 

The resulting signal was input to the spectral 
analyzer. The spectral analyzer was operated between the 
frequencies 125 kHz to ? MHz (swept at 20kHz/sec), with 
a maximum resolution of 10 kHz. After it became apparent 
that there was little spectral energy present above 1 MHz, 
only spectral densities between 125 kHz and 1MHz were 
recorded, One half of a two sided spectral density was 
plotted on the X-Y recorder, First the spectral density 
of the AF signal superposed on background noise was 
pintted. Then the time gate was adjusted to input 43n 
equal tive sampling of only the background noise which 
w2s present just prior to the AEF event. (It was recopnized 
that there was no suarantee that the backfround noise 
precedins an A® event was identical to the background 
noise occurring during the AE event. However, this noise 
sample was assumed to be a fair estimate of the energy of 
the background noise which was present during the AF 
event, ) This sample of background noise was input to 
the spectra] analyzer. The spectral density plot of the 


background noise was then reproduced on the X-Y recorder, 
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y, Calculations 
al Computer Processing and Spectral Density 
Normalization 

Spectral density plots were digitized and computer 
mrocessed, (The computer program is listed in Appendix B), 
The computer subtracted the energy spectrum of the 
background noise from the energy spectum of the acoustic 
emission event plus background noise. The resulting 
spectru™ was representative of that arising from only 
the acoustic emission event itself, This spectrum was 
normalized with respect to overall] energy content, ‘The 
area under each 10 kHz increment of the curve was divided 
by the total area under the curve from 125 kHz to 1 MHz.) 
Through this nornalization procedure, one AE event's 
spectral energy distribution could be conpared to another 
event's spectral energy distribution, independent of the 


total spectral energy content of each event, 


lem Pomeulabion of AE Spectral Enersy, AK Pressure and 








Normalized Spectral Enerey Distribution 


AE events detected just prior te each specimen's 
failure were used for statistical energy analysis. The 
Spectral enersy, RMS vibrational pressure across the face 
af the transducer, and nornalized spectral energy 
Mretribun on were calculated for each Ak. The total 


enersey (between 125 kHz to 1 MHz) corresponding to each AF 
OY 


of 





event was approximated by multipnivinge the square of the 
event's RMS voltage by the duration of the event (as 
measured by the time gate) and dividing by the input 
impedance of the spectral analyzer (50 ohms), The square 
of the event's RMS voltase, contained within the frequency 
band of interest, was obtained from the integral of the 

Aw event's spectral density. This mean squared voltage 
corresponded to the filtered transducer response anpntified 
X 10°” Given that the averare transducer sensitivity, 
over the frequency range 125 - 2000 kHz, was about 

30 microvolts/Pa, it was possible to calculate both the 
anplified spectral energy per AE event and the AF pressure 
(RMS) excitation of the transducer bv use of the 


following eauations: 


ae OVvent's 








energy after = ? (sum x 1077) VO1tS {oye <select > 
amplification ta! 
(Joules) 50 ohms 


RMS pressure 





from AE 3.02 
excitation = (2 (sum x 10°))* micravol tsar 
an the face es ee eee : (2) 
af the ' 6 

Oe 
ay cea (30) microvolts/Pa x (10°) amp 
(Pa Vows 
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Where (sum) is output from conputer program in Appendix B 
and is the integral of of the spectrum x 107? meron the 


frequencies 125 kHz to 1 MHz. 


fsum XxX 403) = vane where V iS in microvolts., 
(DE) = duration of event or time cate width in seconds, 


Averare transducer sensitivity = 30 microvolts/Pa. 
Amplification = X 10? 


Spectral analyzer input impedance = 50 ohms, 


5, Paired-Sample t Statistica] Test 


Groups of AE event normalized spectral energy 
Gistributions were used to generate a mean normalized 
spectral energsy distribution for each specimen, Due to 
the randon nature of the AF events, it was decided to use 
each specinen's mean normalized spectral energy 
distribution in any tests of the statistical similarities 
between the AF spectra of different specimens, Each 
svecimen's nean normalized spectral energy distribution 
would, hopefully, have certain unique characteristics 
conveved to it by the group statistics of the specimen's 
predominant failure mechanisms, 

The mean normalized spectral enerry distributions 
were statistically compared for similarity, two at a time, 
using the naired-sanple t test (see Apnendix D). This 
tested the hypothesis that the two speciznen svectral 


distributions actuallv cane from one sample population 
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and, therefore, had an identical "true" mean spectral 
energy distribution, Each pair of specimen mean 
normalized spectral enerev distributions was statistically 
examined at 68 different frequencies from 125 kHz to 
mOOewHZ. A level of sienificance cof 0,74 was used for 


this evaluation, 


4. AE Shakedown 

Finally, a brief examination was made concerning any 
acoustic emission irreversibility or “shakedown” behavior 
which might be occurring in the specimens, In several of 
the tensile tests the specimen was loaded, unloaded, then 
reloaded prior to its rupture. Absence of acoustic 
emission during reloading would indicate aroustic emission 


irreversibility with respect to its load. 
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er. RESULTS 
Ae SEM Results 

Each specimen type failed in a characteristic nanner 
(Fizure 5). All of the 0° specimens shattered with both 
transverse cracks propagatinge across the fibers and 
longitudinal cracks propagating between the fibers, 
Scanning electron nicroscone (SEV) exanination showed 
relatively smooth shear surfaces along the longitudinal 
cracks with occasinnal apnearance of nultiple fissures in 
ie 72trix aligned ina "fishscale” pattern along the axis 
of the fibers. Transverse cracks appeared to be jagged 
with fractured fibers and holes giving nuch evidence of a 
fiber bundle pull-out nechanism, Figure 6 shows typical 
fracture surfaces of a 0° specinen, 

Each 10° specinen sheared along the fibers’ axis, 
SEM examination showed a fishscale pattern in the matrix 
between nostliv wnbroken fibers (See Fisures 7 and 8), 

The an” specinens visually appeared to have cleanly 
senarated in the natrix between fibers, However, SFM 
Peaeenetion indicated a surprising nunber of broken 
fibers alone the fracture surface suggesting sore crack 
branching through several fiber layers in a relatively 
narrow fracture zone. The ratrix showed ~any small cracks 
and scales appearins to have no preferred orientation 
(see Figure 9), 

irre (+ nee, . W5ON snecirens failed with senaration 
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between fibers through the srecimen's outer plies. Tnner 
plies seered to have failed in fiber fracture, SFM 
exanination indicated much evidence of fiber fracture and 
delamination in the fracture zone hetween the outernost 
tTront and back plies and the renainder of the srecinen 
(see Figure 10). 

The one unenated (+ TS a Ba 45°) Specimen failed ina 
Similar manner as the (+ oes e 45) costed specimens, 
This was vrobably due to the fact that the PVA coating was 
mictakenly annlied between the fourth and fifth plies. 
Pamtee in this symmetrical lanirate, the fourth and fifth 
niv fiber orientations were identical, 2 delaninating 
asen= such as FVA would be expected to have little, if any 


effect upon the failure node of the specimen. 


eT ee ee 


The tine donain acoustic emission bursts exhibited 


sone differences anong specinen types (see Fisyres 11 


throush 17), 0° 


specimen acoustic evissions were typically 
, : O 

SO laese aroplitude but very short duration. 10 specimen 

oustic emissions exhibited similar amplitudes but lasted 


| 
4 


‘o) 


* O e e 
for sonewhat ereater durations. 90° svecimen acoustic 
; ee 0 0 
erissions were of similar amplitude as the 10° and 0O 
; : O . 
Svecinrens. However, the durations of the 90° specimen AE 
: O 0 
bursts were substantially longer. (+ 45°, + 45°). 


specimen AE bursts were generally greater in both 
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anplitude and duration than those of any of the other 


specimen tvpes,. 


Bis Load, AE Counts, and AE-RMS 

Load, A™® counts and AF-RMS are each plotted as a 
function of time in Figures 18 through 32. Table 4 lists 
ultimate loads, AE counts threshold, total AF counts, and 
the distance of the failure fron the transducer, Table 5 
summarizes the nean and standard deviation of each 
specimen tyve failure load. The quotient of the standard 
deviation divided by the mean is presented as an indication 
of the “derree of scatter" in the rupture streneth of the 
specimen types. The 0° specimens showed the greatest 
scatter in their failure load as evidenced by a degree of 
scatter which is freater than eight times that of the tO) 
ore (+ 5? ee 5?) specimens and more than two and a half 
times that of the 90° specimens, (This large variation in 
the failure strength of the oO specimens 1S similar to that 
reported for a specimens by Pipes et al. (11).) 

The 90° and av specinen types exhibited highly linear 
load versus tine behavior (at constant crosshead 
displacement rate). The oS specimen's load versus tine 
curves became somewhat nonlinear at about 80% of their 
final failure load, This corresponded to 4 sudden 
increase in acoustic emission counts and acoustic 


emission RMS, The (+ 45°, + B50) specimens exhibited a 
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slightly decreasing load plateau with increasing crosshead 
displacement just prior to failure (somewhat reminiscent 
of the load versus time behavior of a ductile netal), 

This coincided with a sharply increased acoustic emission 
count rate and a large increase in the AE-RMS, 

Several SHeeamene. Gun from the same panels as the 
ones used in these tests, were strain gauged and tensile 
tested in sinilar grip fixtures at the NASA lewis 
Research Center in Cleveland, Ohio. Their measured 
elastic coefficients and failure stresses are presented 


mm Tabwe 6, 


D, Total Svectral Energy per AE and AE Pressure (RMS) 


Excitation of Transducer 





The results of equations (1) and (2) applied to each 
individual AE that was analyzed, are presented in 
tabular form in Appendix C. The nean results of the AF 
from each specimen are summarized in Table 7, These 
results show a survrising variation between specimens of a 
Similar fiber orientation, Other than reflecting a 
possibly inconsistent operator's bias in choosing the 
acoustic emission signals to be analyzed, or the limited 
number of sanples which were taken from each specimen, no 
rational explanation can be given for this somewhat large 
variation in ean energy or RMS pressure per AE event 
amone similar specimens. (It is possible that extending 
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the passband of the AE system below 125 kHz mirht have 
Poemiced in “ore consistent results, but this is sheer 
conjecture.) This wide variation in the mean enereow ner 
AE eavent ernhasized the inpnortance of normalizing a 
svectrum with respect *+s the total AF event's energy 


before making any cross comparisons of two different 


AF spectral energy distributions, 


. Normalized Srectral Fnerey Distributions 
ae ieervidual Spectral Distributions for Fach AE Event 
The normalized spectral energy distributions for each 
A® event were plotted and appear in Appendix C. These 
MLots are normalized by dividing the area under each 
10 kHz increment of the AE spectral enerey density curve 
by the total area under the curve between the frequencies 
125 kHz - 1 MHz. Consequently, the units for the Y axis 
are dimensionless, As mentioned previousiv, due to the 
randon nature cf AE events, any one to one comparison 
between individual AE event snectra is probably of 
questionable value, However, these spectra provided the 
data which allowed for the generation of the mean 
Wael ized spectral energv distribution for each specizen, 
This mean snectral distribution would, hopefully, exhibit 
rertain unique group statistical properties, conveyed to 


+ from the predoninant failure mechanisms of the specimen, 


pute 


Be, 








ae Mean Normalized Spectral Energy Distribution 

The ~ean nornalized spectral enerey distribution for 
each specivren was derived fron its individual AE event 
spectral densities. These appear in Fiszures 33 throuch 47, 
(The mean normalized spectral energy distribution is the 
eurve labeled #1.) Each graph also indicates plots which 
mre ome standard deviation from the spectral distribution 
of the nean (curves labeled 2 and 3). As previously 
mentioned, the Y axis units on these curves are non- 
Jimension3l and indicate the group statistics of the 
mean relative distribution of total AF energy versus 
frequency. Tt was very difficult to qualitatively define 
the differences between one near normalized spectrum and 
another, With the exception of the spectrum of specinen 
TY¥SC4 (Pigure 44), al] spectra exhibited significant 
relative energy up to at least 700 kHz. The 90° and 10° 
specimens' spectra (Figures 33 to 39) generally showed 
=nre wniforn energy distribution than the 0° and the 
Oy ee. S Bee) specimens' spectra (Fisvres 40 to 47%, 
f11 four 90° specimens exhibited very similar vean 
normalized svectra (Figures 33 to 36). Of the three 10° 
svecinens, TV1iF (Figure 37) showed 2 greater spectral 
onerry content in the frequencies helow 250 kHz. This 
=neocinen failed somewhat further from the transducer and 
meeemrower )oA4 than the other two os specimens (Note 
Gable. 7). 
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The mean normalized spectra of the 0° specimens 
varied widely from specimen to specimen, Specimen T.V5C 
(Figure 40) which had an extremely hieh failure Joad of 
32,47 KN, exhibited a verv flat and featureless snectral 
distribution with significant relative energv up to 1 MHz, 
Specinen I.V5H (Figure 43), which had a relatively Low 
failure load of 16,01 KN exhibited little relative 
spectral enersy above 600 kHz and more energy proportion- 
ately in the frequencies helow 250 kHz. Specimen “LV5D 
(Ficure 41) anneared to have spectra significantly 
different than any of the other O° specimen spectra, 
narticularly a rather large relative energy component in 
the frequency range 700 to 1,000 kHz. Tt should be noted 
that specinen I.V5D was loaded, unloaded, reloaded, 
partially unloaded and then reloaded to failure. (see 
Figure 26) Tt was the only 0° Specimen which had such a 
Heearmistory vorior to failure. 

iiree of the four (+ io oS Sian specimens displayed 
a @ajor oroportion of their spectral energy content below 
400 kHz. Specimen LV5CI (Figure 46) was the only 
exceotion, displaying a sipnificant percentage of spectral 
enersy between the freauencies 400 to 600 kHz. No 
particular evidence in the loading, failure load, or 
fracture tips conld be found that would account for the 
apparent difference in the relative spectral energy 


iret ourion of specinen IVSCI. 
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aoe Pajred-Sample t Statistic Results 

Hach mean normalized spectrum was examined 
statistically using the paired-sample t test. This test 
calculates the difference between two mean normalized 
so*ctra at various frequencies, It either accerts or 
rejects the hypothesis that "both mean normalized 
spectra cone from the same “mnaster" normalized spectrum," 
Using the rather high level of significance of 0.74 and 
examining each pair of nean normalized svectra at 68 
different frequencies (between 125 kHz and 800 kHz), the 
test gave rather promising results, Table 8 gives the 
vercentage of specimen pair comparisons for which the 
hvpothesis that “both specimens had the sSare spectrun 
of relative spectral energy distribution" was not rejected, 
The higher the number on this chart, the more similar are 


O 


. P O ° 
the spectra. With the exception of 0 - G comparisons, 


like specinen comparisons resulted in 2 lower percentage of 
hypotheses rejections than comparisons of unlike specimens. 
NMther inferences relating to the relative similarities of 
spectra fron different specimen types also might be nade, 
For instance the implied similarities resulting from the 

= oO Oo O 
comparison of 0 to the (+ 45°, + 45 Ve spectra and the 


90° 


Comune (~ Pe ae 45°) spectra may have some signifi- 
eance relating to the com7on mechanisms of fiber fracture 
in the first case and cracking between the fibers in the 


second case, At any rate, Table 8 shows that the paired- 


42 





Sampi@et statistic test can discriminate between various 
specimen types based unon the mean normalized spectral 


energy distributions of their AE, 


G, AE Spectra at Various Leads 
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Acoustic emissions from the (+ 45? | a 5) Specimens 
were sampled at various lnads of each specimen’s tensile 
test. The spectral energy, pressure, and sveciven load is 
tabulated for each AE and vresented along with the 
respective normalized spectral energy distributions in 
Appendix F, 

Tt is unlikelv that enough acoustic emissions were 
sarpled at each load to establish any statisticallv valid 
trends cr quantitative conclusions, However, it anneared 
that the acoustic emission spectral densities shifted from 
a wide band distribution to a nredominantly lower 
Peeauency distribution just prior to specimen rupture, 
Vore extensive sampling and use of the paired-samzple t 
test would be required to verify this suspected spectral 


marco tcrbution trend. 


ni Observations Concerning AE Shakedown 

Acoustic enission irreversibility was studied in 
specimens TV5CG, LV5D, LV2F, LV2G, and LV4C, In the last 
four specimens acoustic emission appeared to be 


essentially irreversible, (see Fisures 26, 24, 23, and 39 
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respectively.) Once acoustic emissions had been detected 
in a particular load regime and the specimen had then been 
unloaded, reloading throush the same load regime resulted 
in detection of very few additional acoustic emissions 
Wwntii the previous "maxinumn historical load" had been 
Surpassed, However, after the third loading cycle o£ 
specimen LV5CG, (see Figure 45) a crack was visually 
observed extending partially across the specimen, During 
reloading of the fourth cycle, substantial acoustic 
emission was detected as occurring well before the 
previous maximum historical load. Specimen LV5CG ruptured 
AIuring tre fourth cycle at a lower load than its 

Swaxinum Fristoricat load. It failed at the crack which had 
been observed earlier in the test, Several AF spectra 
sampled during its fourth loading cycle are presented in 
Aonendix E, 1V5CG was the only specimen given cyclic 
lnading in which a crack was visually detected vnrior to 
snecinen rupture, so it was not possible to establish any 
RBepeatable observation of this apparent violation of AF 


aermewersibility. 
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my, CONCLUSTONS 

A. A program to investigate the acoustic emission of 
graphite fiber polyimide composite failure mechanisms has 
been conducted, 

B. The predominant failure mechanisms of the 
specimens are as follows: 
,. 0° unidirectional specimens fail in fiber fracture, 
fiber pullout, and matrix shear, Small fissures, resulting 
in a fishscale pattern, are formed in the matrix during 
the vrocess of fiber pullout and may be the source 
mechanism of a significant number of lower energy acoustic 
emissions, 
as 10° unidirectional specimens fail in intralaminar 
shear occurring nredominantly in the matrix between the 
fibers, The fracture surfaces of these specimens are 
covered with the characteristic fishscales indicating 
many potential sites for AE generation, The sheared 
surfaces of the 10° specimens seem to be very similar to 
the longitudinally cracked fracture surfaces of the 0° 
specimens, 
' 90° wnidirectional specimens exhibit a layered tensile 
fajlure of the matrix with some branching between lavers 


causing occasional fiber fracture. 


XQ 


4, (4 5° 4 WEP )ig specimens fail incrementally with 
eranks growing in the matrix between fibers fron many 
initiation sites along the edges of the srnecimen's 
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surface plies, These cracks appear to propagate 

sradually towards the center of the specimen durine the 
tensile test,well before specimen supture, Delanination 

of the surface plies can be visually detected immediately 
mevor tO specimen rupture. Most of the inner plies of the 
meaeture surface fail in fiber fracture. 

Cy, Al] four specimen types generally exhibit sienificant 
Poeweasces in normalized acoustic emission count rates at 
about 80% of the specimen's ultimate load, The AEF-R'1S 
senerallv exhibits characteristics similar to the AE 

count rate trends, Normalization of the load, AF counts, 
and AE-RVS aids in establishing general trends of the 

d2ta, and comnvensates for some of the experimental 
variability in such parameters as the AF voltage threshold, 
specimen failure load, distance from the AE generatior site 
to the transducer, etc, 

Dy, Scatter of the specinen ultimate strength data for 
similar specimens was reasonably small (see Table 5) with 
the exception of the 0° sSpecinens. It 1s pnossible that the 


0° Speciv=ns are particularly sensitive to alignment in the 
loading fixture such that any slight deviations in 
2ligenv-ent greatly effect the specimen's ultimate strength, 
Ee. The mean spectral enerev per AE event exhibits 
inexplicably large variations among specimens of similar 
fiber orientation (see Table 6), If these valves are 


Averaged over each svecimen zroup of similar fiber 
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orientation, the following conparisons can be made: 

1, The average AF event's spectral energy is similar 
innediately prior to specimen rupture in the 90° specimens 
and the (+ 45°, = ee specimens with values of 


ee6 x 107° joules and 22,0 x 107° 


joules, respectively. 
eis The average AE event's spectral energy for the TO 
and the 0° specimens sampled just prior to specinen 
ruvture is of substantially lower magnitude with values 

ef °1e47 x ‘Un joules and 1,54 x 107° joules, respectively. 
e ™roursh the AE from different specimen types fenecrally 
show only minor differences in voltage arnlitude, 

Snecimen types can be distinguished, with a wide 

freauency bandwidth AE system, by the characteristic time 
duration of their AE events. Since spectral energy is a 
function of both AE voltage amplitude and AE event 
duration, the sinilarities of AE voltage amplitude, 

amons all of the specinen types tested, lead to the 
conclusion that the duration of the AE event has the 
sereatest effect on the total spectral] energy of an AE 
evert, 


G 


The procedure of normalizing the AF spectral energy 
density with respect to total spectral energy allows for a 
statistical evaluation of the similarities between 
spectra] energy distributions from different AE events 

for sroups of events). 


H, A paired-sanvle t statistical convarison of mean 
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Wemmalized spectral enerey distribution= can successfully 
mrecriminate between AE of ee 20°” and (+ he, a Neo) _ 
anecimnens (see Table 8), This test rannat achinrve 
iene r conclusive distinction or uniaue reenenition of AE 
fron 9° snecimens which exhibited wide variations in 
failure 1074 2nd relative svectral enerev distributions, 
mere gent of such a statistical approach will require 
many more unbiased At samnies than conld be analyzed in 
this work, 

a Prelinminarv results svecrect that AE srnectra obtained 
aoa>) f+ 5? a Boe). enerimans are not indenendent of 
meecimen inad, In addition, AF occurring at higher loads 
waneraj\’y exhibited greater spectral enerey content ‘see 
Anpendix © ), A constitutive relationship between mean AF 
event energy and snecimen JInad mav exist. Other pessible 
impl*cations are the existence of 2 Inad denendent 
amectr21 dispersion releticnship or the relative 
predorinance of different AF seneration mechanisns at 
differant joade, 

ace Tn m9St cases the srecimens exhibit AF irreversibility 
ae seaalzodcwn with respect ihe cpeciman lead, However, 
nprejlirinaryv observations sugsrest that this AF 
Teeeveraih:!ity behavior is violated qarcre 2 visible crack 
has formed in the snecinen nrior to snecimen runture. {see 
Memes +5,) This conclusion is based upon the test results 
nf snecizen TV5CG.(see Annendix F,) 
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V, RECOMMENDATIONS 
is More ricorous statistical characterization of the AF 
enectra fron predominant failure mechaniems should be 
nerfermed, This can be acrecompl* shed by analyzing many 

more AE from each sneciten to allow for better estimates 

of their mear normalized svectral enersy distribution, 
TInducement of certain modes of failure by flaw simulation 
should also be considered, The paired-sample t statistical 
test should he used to evaluate the uniaueness of AE 
spectral characterizations, 

oa AF enersy vs stress constitutive relationships 

should be investigated, The best approach to such a 

Studv will ornbablv be a statistical one in which the 

mean ARE enerryvy is related to the material's state of stress, 
eo AF disrersion relationships and attenuation 
characteristics in the composite specimens should be 
studied, Understanding the dependency of the mean AE 
energy content to the state of stress and proximity of 

the AF site from the transducer can then be used in 
Seremaction with an AE locatcr to refine the AE 

Beep beriz2tiznn of fracture mechanisms. 

iy More ceeanninesg electron microseope examination of the 
enecimens' fracture surfaces is recoymended, SEM analysis 
teehninues chould be established to generate quantitative 
estimates of the relative predominance of svecific 


Practvre ~echanisms, 


LQ 





aa Peeatplidmide distribution characterization of 
predominant fracture nechanismns should he attempted, using 
a narrow band, resonant transducer, AE svsten, 

6, AE palse duration distribution characterization of 
nredo~inant fracture mnechanisns should be attenpted, using 
a wide frequency band, "flat" transducer, AEF svster, 

Pe A data interface between the spectral analvzer ard 

A computer compatible hard copy device (™agnetic tape, 
floppy disk, paper tape, etc.) should be desirsned to 
enable the ranid data analysis of many AF, Alternatively, 
the use of the IMTAC X-Y plot reader in the MIT Joint 
Corputer Facitity could be vrograrved for writing snectral 
data ante flevorv disk storace for later precessing, 

- Ananetia emission irreversibility or shakedown should 
he specifically investigated in fiber composites, 

Such 2 study should examine the AE characteristics of 


specimens with known flaws or damage induced after 


mrestressirg of the naterial, 
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Figure 1 - Insulated grips, specimen, and transduce~ 
attachment, 
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Transducer Response Curve 


faorocure mission Technology Transducer No. FCSOOQHD (10375) 
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Figure 3 - Transducer leads and preamplifier shielded 
against EMI with aluminum foil, 





Figure 4 - Test instrumentation. From right to left: 
Spectral analyzer, X-Y recorder, video tape 
recorder with gate unit, signal processor, and 


oscilloscope with signal generator (below), 


56 











Fiture 5 - Typical fracture modes of the four specimen 
types. From top to bottom: 90°, 


(+ 45°, + 45°) 10° ana 0°, 
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Figure 6 - 0° Fracture Surface 
Scanning Electron Microscope 
at 300 X Magnification 


These are typical transverse (foreground) and longitudinal 
(background) fracture surfaces of 0° Specimens showing 


evidence of fiber fracture, fiber pullout and matrix 
Shear, 


(Note the fishscale pattern in the matrix at top center.) 
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Figure 7 and 8 - Fracture Surfaces of ooh Specimens 


This was the typical appearance of the sheared fracture 
surface of the 10° specimens under the scanning electron 
microscope. Surfaces generally exhibited shear cf the 
matrix with very few fiber fractures. Notice the 


characteristic fishscale appearance of the matrix, 





1000 X 











3000 X 


Figure 9 - Fracture Surfaces of 90° Specimens Under 
Scanning Electron Microscope 


This is a typical fracture surface of a 90° unidirectional 
specimen, Note the broken fibers and the appearance of 
multiple fissures near fiber tins. Scales in the matrix 


follow no distinct pattern. 
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Figure 10 - Fracture Surface of (+ 45°, + 45?) Specimen 
Scanning Electron Microscope 
at 100 X Magnification 
This is the typical fracture surface of the (+ 45? = WSO | 
Specimens, Notice the first ply at the left hand side 
which has failed in matrix tension, the delamination of 
the second and third plies, and the extensive fiber 


Lond 
a> 


fracture in the remaining plies. 
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Figures 11 and 12 - Specimen LV5C 
0° unidirectional 
Y axis = 500 mv/div X axis = 50 microsec/div 
Load = 15.57 KN 








Figure 11 - Ungated Signal Figure 12 - Gated Signal 
Figure 13 Figure 14 
Specimen LV4C Specimen LV1B 
40° unidirectional 10° unidirectional 
Y axis = 500 mv/div Y axis = 500 mv/div 
X axis = 100 microsec/div X axis = 70 microsec/div 
Load = 6,89 kN just prior Load = 6.4 kN just prior 


to specimen failure to specimen 





Figure 13 - Gated Signal Figure 14 - Gated Signal 





Fieure 15 
Svecimen 1:V2G (ungated) 
90° 


Y axis = 


unidirectional 

500 mv/div 

100 microsec/div 
0,80 KN 


X axis = 


Toad = 


Figure 16 

Specimen LV2B (ungated) 
90° unidirectional 
Multiple 


Y axis = 


Emission 

500 mv/div 

200 microsec/div 
0.85 KN 


X axis = 
Load = 





Figure 17 


Specimen LV5CI (gated) 
(are 8S) 


Y axis = 500 mv/div 
X axis = 200 msec/div 
Load = 2.22 KN 








Figures mG oe 32 


Taad, Acoustic Emission Counts, and Acoustic Emission 

PMS versus Time, 

Note: To facilitate data nresentation, each parameter is 
nornalized with respect to its maximum value occurring 
during the test, To obtain actual paranreter values, 
multiply the normalized value by its respective 


normalizing factor which 1s given on each granh, 
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1. Curve #1 of each of the following figures represents 
the mean of all AE normalised spectral energy distributions 
(see Appendix C) which were analysed for the particular 
specimen identified on the X axis. 

2. The AE whose normalised spectra were used to generate 
these mean statistics were all sampled just prior to the 
rupture of eaeh specimen, 

36 Curves #2 and #3 are plotted one standard deviation 
from the mean (curve #1). (However, Curve #2 is somewhat 
distorted because negative values were plotted as zero 

on the graph. ) 

4, The units of the Y axis are non-dimensional, 

5. See Appendix C for more details on the energy 
normalisation procedure, 

6, Also see Table 6 which summarizes the number of AE 
spectra used in the generation of each figure and the 


total energy used in the normalization procedure. 
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Table 1 
Expected Failure Modes of Specimens 


Specimen Type Expected Failure Modes 


Fiber fracture, shear and/or 









tensile fracture of the matrix 
between fibers, 


Intralaminar matrix cracking. 








Tensile failure of the matrix 
between fibers. 


Tensile cracking in the matrix 
between fibers followed by 
delamination and fiber fracture, 
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Table 2 


Specimen Identification 


ByiB: Unidirectional, 10° off-axis 

LV4A and LV4C: Unidirectional, 10° off-axis 

LV2B, LV2C, LV2G, LV2H: Unidirectional, 90° 

LV5C, LV5D, LV5G, LV5H: Unidirectional, 0° 

LV5CA: (+ 45°, + oo). (uncoated) 

LV5CG, LVS5CJ, LVSCI: (+ 45°, + W5°) with polyvinyl 
alcohol coated between 4th and 


Sth plies. 


yy, 
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Specimen 


LV1iB 
LV4A 
LV4C 


LV2B 
LV2C 
LV2G 
LV2H 


LV5C 
LV5D 
LV5G 
LV5H 


LV5CA 
LV5CG 
LV5C1 
LV5CJ 


Table 3 
Specimen Dimensions 


Overall 
Length 


301.6 
301.6 
301.6 


254.0 
254,0 
254.0 
254.0 


254.0 
254.0 
254.0 
254.0 


254.0 
254.0 
254.0 
254.0 


mm 
mm 


mm 


mm 
mm 
mm 


mm 


mm 
mm 
mm 


mm 


mm 
mm 


mm 


Gauge 


Length 


174.6 
174.6 
756 


120.6 
120.6 
120.6 
120.6 


120.6 
120.6 
120.6 
120.6 


20 
120.6 
i20), © 
120,16 
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mm 
mm 


mm 


mm 
mm 
mm 
mm 


mm 
mm 
mm 


mm 


mm 
mm 
mm 


mm 


Width 


12.7 
32 AF 
12.7 


gag 
12.7 
area, 
Bett 


ese 
12,7 
M2 ane 
a, 


Ze 
Zor? 
Baan 7 
BaF fi 


mm 
mm 


mm 


mm 
mm 
mm 
mm 


mm 
mm 
mm 


mm 


mm 
mm 
mm 


mm 


Thickness 


1,029 
1.041 


LO SIS. 


0.978 
One 
0.991 
0.991 


1,016 
1,041 
1,041 
1.016 


0.975 
0.978 
0.970 
0.978 


mm 
mm 


mm 


mm 
mm 
mm 
mm 


mm 
mm 
mm 
mm 


mm 
mm 
mm 


mm 
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Table § 
Summary of Mean and Standard Deviation of Failure Loads 
Specimen Type Mean Standard Parameter 


Failure Deviation of Scatter * 
Load (KN) (KN) 


90° 0,831 0.0887 0.1068 
nO” 6.664 0,2249 0.0337 
0° 20.672 6.1170 0.2959 
(+ 45°, + aeP ) 2,310 0.0796 0.0345 


* Parameter of Scatter = Standard Deviation/Mean 
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Notes for Table 6 





AS-1 graphite fiber (Hercules) had a tensile modulus 
(secant) of 237.9 x 10°? MPa, The ultimate axial 


strength was 2.83 to 3.10 x 10°? MPa. 
PR-288 neat resin (3M) had a tensile modulus (secant) 
or 39.95 x 10°? MPa. The ultimate axial strength was 


57.92 MPa. 


All specimens had a fiber volume fraction of 0.52. 


Od 





102 





89tt 700° + 992° Lee ict 00 USAT 
96hT 400° + 2t€° tb + Q°SET 00 SAT 
AA 400° + 40€° 0+ 9°d2t ao ISAT 
49°08 f° Ot G2t° + 669° OL°T + th’62 40° + Od'T cor STAT 
9€° 18 g°ddt 920° + 62° g2° + TtH'o€ PO ee ccna 9 Ot Atal 
49°08 0°€L4 gto’ + 292° 06° + S9O°TE ZO° + €E°T BOL ATAT 
89°8S 9000° + SO£€O* ttH* + 29°Ot 906 AZAT 
4E°TS £€00° + 0€ZO° Ht? + H2°TT 906 Gon 
91°S9 9100° + 6€€0° 40° + 69°OT 906 IZA 
24° Hg 9° 68h 90° + 259° Si't + 96°2E €0* + do°2 0b DTAT 
62°62 0°94 40° + 662° GS* + 64°LE 1O* + OS*T 9 0t ALAT 
at’ td 1° OE 4 See Oh Ny 82° + 19°HS 99° + 46°E ot ATAT 
Rg W dW BO XC OT x 
ACIUS Tetxy O19 By (qUBIES ) (2UBD—eS ) a[suy 
UASUTIAS a4BUWTITH SUOSST Og SNn[NpoW aL yp~suay, Sn{[Npow resus Jaqt yy *woads 


Slay,owe1eg [TBl19zByW 
9 9[Q¥B] 





11 
LS 
98 
68 
+ & 

% & 

* % 

% & 
1S 
x Ot 
#O9 
#dS 
49 
a9 
ES 
( Wu ) aANT Ted 


FO LUT Od 
04 Jaonpsuvdy, 
WwOdy souB YSTY 











AvONpPsUuBI 


78 Yay aed 
9INES8Ig SWH 


STSATeuyY TeA,9edS 
Z aeTqey 


Jed Agieuq ueay 


sATewwns 4Say, 





P9197 BUSgy VACIOAV 3S30N 
66€%°0 62°2 gos ° (Ce) GOS AA. 
6004 °0 C°? 80S ° (ST) IOSAT 
ge °s9 on’? 80S’ (64) DOSAT 
b9°Set €2°? 80S °* (64) VOSAT 
18920°0 tO°9T 80S °* (€Z) HSAT 
St£60°O 06°ST 80S °* (2b) aoa 
€t7T20°0 S6°s8t gos ° (64) dSat 
EE86°S Lt’ Zt tS 2° (9b) OSAT 
8t9E °O S08°9 Sc ° (92) OAT 
C6ET°O €g2°9 80S ° (02) What 
9T6°E SOn’9 80S ° (€€) atal 
08°S9 tHE 6 ° 80S° (62) Hal 
86TE°O $8 ° gos’ (40) OAT 
CgS*2 S478 ° gos * OTE 0 N31 
2S° 42 Z2LQ° gos" (qb) eat 

4,04 xX SeTnor 
Jay ft tdwy (NX) (UTW/uU ) (erIzoeds 
woujy Wy peoy AATIOT aA av $0 #) 
eINTT ey peesyssodg usuToads 


tO? 





Table 8 


Summary of Paired-Sample t Statistics 
over Frequencies 125 kHz to 800 kHz 





Level of significance = 0.74 
Degrees of freedom 2 67 


This Table gives the percentage of specimen comparisons 
for which the hypothesis that “both specimeng had the 
same mean normalised spectral energy distribution” was 
Not rejected. (The higher the number, the more similar 
are the spectra) 


104 





mrt, WEPENDICES 
Appendix A, Techniques of Monitoring Acoustic Emission 

Of several techniques of monitoring acoustic 
enission, (AE) the nore popular measure AE event count, 

AR event rate count, ring down or upcrossing AE count, ring 
down AE count rate, AE-RMS, AE amplitude distribution and 
spectral analysis. Without exception, these techniques 
depend upon some type of transducer that will convert 
vibrational energy into an electric analog signal. Most 
transducers respond to acoustic emission at their natural 
resonant frequency, After-.necessary amplification, event 
counters are triggered each time the transducer is excited 
by a transient acoustic emission event. Event rate 
devices simply differentiate the accumulative AE event 
counting registers. Since most transducers are not 
critically damped, they will resonate or ring fora 
certain period after excitation. Most event counting 
devices will not count faster than this required damping 
period. Consequently, such devices are not as useful for 
applications where multiple acoustic emissions or 
continuous acoustic emissions are to be monitored. 

Ring down or upcerossing counting devices trigger 
each time the signal voltage rises above a pre-set voltage 
threshold. Consequently, a single acoustic emission can 
register as several counts, as the transducer’s response 


resonates above the threshold voltage several times. 
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Also, intermittant excursions of the system's background 
noise above the voltage threshold will also register as 
counts. The procedure is generally to set the threshold 
level such that the system is predominantly triggered by 
acoustic emission excitation and only infrequently by 
system background noise. For narrow band, resonant 
transducers, where the damping is independent of amplitude 
and frequency, Beattie (18) shows that the ring-down count 
is related to the energy of the acoustic emission signals. 
Ring-down count rate devices simply differentiate the 
accumulative count registers. 

RMS devices sample the amplified signals from the 
system and transducer and measure the root mean square of 
the total resulting signal voltage over prescribed time 
intervals. Such devices are especially useful in 
measuring multiple or continuous acoustic emissions which 
might saturate other devices, 

Amplitude distribution devices generally measure the 
voltage amplitude of all AE or noise source events that 
rise above a pre-set minimum voltage threshold or in some 
cases fall within a pre-set voltage acceptance window, 
The nunbers of events having particular amplitudes are 
stored in designated registers for later generation of an 
amplitude distribution output after many samples have 


been accumulated. 
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The same transient acoustic emission event must be 
input many times into a spectral analysis device to enable 
sufficient samples to be taken for the generation of the 
AE event's spectral energy distribution. This is made 
possible either by playing a loop of tape which contains 
only the AE event over and over again, or alternatively 
displaying one frame of a video tape recording, which 
contains the AE event, in stop action mode. A very wide 
band frequency response is easily obtainable with the 
latter technique. The additional utilization of a signal 
time-gate, synchronized to open during the AE event and to 
close at all other times, enhances the signal to noise 
ratio input to the spectral analyzer. The spectral 
analyzer is essentially a variable frequency, narrow- 
band filter with an RMS meter or scope to display the 
filter output. The filter's center frequency is 
continuously varied across a selected bandwidth at a pre-set 
scan rate, A long averaging time (low scan rate) and a 
sharp filter with a very narrow bandwidth will enhance 
the accuracy and the resolution of the measured spectral 
density. 

One of the minor difficulties encountered in spectra} 
analysis is separating the spectrum of the AE event from 
the spectrum of the system background noise upon which the 
AE spectrum is superposed. Newland (19) addresses such a 
problem in his discussion of the output spectral density 
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| 


resulting from the input of two random process sample 
functions. Assuming that an AF event and the system 
background noise are independent random events with no 
correlation, the output spectra] density is given by: 


s.(f) = ayn | 8, (f) + 


2 
: (2) Ss. (f) 


*2 





where S,(f) = mean square voltage spectral density 
which is output from the spectral analyzer due to the 
input of the AE event superposed upon system background 


noise, 


Sy (f) = mean sauare voltage spectral density of the 
1 
acoustic emission event which is input into the spectral 


analyzer, 


~ (f) = mean square voltage spectral] density of the 
2 
svstem's background noise which is input into the 


spectral analyzer. 


H,(f) = the transfer function which yields the measured 
spectral density of the AE event. This measured spectra] 
density, when averaged, is directly proportional to the 


spectral density of the AE event input. 
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H,(f) = the transfer function which yields the measured 
spectral density of the system's background noise. This 
measured spectral density, when averaged, is directly 
proportional to the spectral density of the system's 


background noise, 


The assumption of independent random processes allows 
for the separation of the AE event's ee aim from the 
System background noise spectrum by a very simple process, 
First, a sample is obtained of system background noise 
occurring over an equal time duration as the AE event. 

This noise sample should be taken just prior to the AE 
event to insure independence. The mean square voltage 
spectral density of the system background noise is 
generated, maintaining the control settings on the 

spectral analyzer just like those used for processing the 
AE event itself. The mean square spectral density of 

the AE event can then be obtained by subtracting the 

system background noise spectrum from the spectrum which 
was measured due to input of the AE event superposed on 
background noise. Because the durations of the AE event 
and the sample of the system background noise are identical, 
the spectral energy density of the AE event may be obtained 
by dividing its mean square voltage spectral density by the 
50 ohm input impedance of the spectral analyzer and then 
multiplying this quotient by the duration of the acoustic 
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emission event. If a presentation of normalized spectral 
energy distribution is desired, where normalization is 
done with respect to the total energy under the spectrum, 


the following procedure may be used: 


The spectra can be divided up into incremental areas, 
The width of each area can be governed by the maximum 
resolution of the spectral analyzer. ( In this work this 
resolution was 10 kHz.) The height of each incremental 
area 1s governed by the ordinate of the mean square voltage 
spectral distribution multiplied by the duration of the AE 
event and divided by the 50 ohm input impedance of the 
spectral analyzer, The area in each increment represents 
( for a two sided spectrum ) one half of the AE event's 
energy which exists within that particular incremental 
band of frequency. This incremental area is divided by 
the total area under the energy spectrum within the band- 
width of the AE system. This total area is simply the 
total area under the mean square voltage spectral distri- 
bution times the AE event's duration, divided by the 50 ohm 
input’ impedance. Conveniently, the AE event's duration and 
the input impedance cancel out in the normalization 
procedure, To economize on computer time the normalized 
spectral energy distribution is obtained by simply 
normalizing the mean square voltage spectrum with respect 


to 


RMS° A spectral energy distribution which is 
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normalized with respect to total AE event cnergy, 18 
potentially desireable because it allows for direct 
spectral enersy distribution comparisons between two 
different AE events, independent of each individual 


event's total enerey. 


es 













Appendix B. Computer Program 


The followings computer program was written to 
accept dicitized RMS voltage spectra (linear scale), 
generate and plot the normalized spectral energry 
Gistribution for each AE, compute and plot mean normalized 
spectral enereyv distributions for each specimen, and 
statistically comp-.re one specimen's mean spectrum to 
another specimen's mean spectrun using the vaired-sample 


t test. 


ti 
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LoE. SPECTRA MIRMALIZATION, PLOT, AND PAIRED T STATISTIC 


INTEGER Q 
INTSGER*2 XLAS( 80) 
REAL ARPAY (6,88),XSCL(4) 
REAL ARAY(2,68) 
DIMENSION IA(89),9(89),2(39),C(89) ,D(88),F(83),F(88),C(88),FREQ(33° 
©), PYEAN(23),TNEAN(15,88),TST0( 15,38) ,STD(88) 

DINENSION 1B(89) 

DELTA =10. 

FREQ(1)#127.5 

PREQ(2)#135. 

Q29 

DO 1 123,88 

FREQ(I) =F 2EQ(I-1)+10. 

CONTINUE 

MIKE #0 

READ (6,3) SARSE 

CALL FINITCE,S,FMEAN,STD,P,69) 

PORRATP (15) 

09 @ [s1,89 . > 
IA(I)s0 0. : 

ACI)e#). 

I8( 1) #0 

A(T)=). 

C(I)=). 

IF(I.5T.88) GO TO 8 

D(I)#). 

E(I)#). 

CONTINUE 

READ(8,309) IA 

FoR WaAr(1515,78) 

DD 419 T=1,89 

ACI )#ELOATCIACI)) 


eS 








10 


20 


ie) 


391 


82 


4& 
&5 


46 
50 





oe SPECTRA NIRMALIZATION, PLOT, AND PAIRED T STATISTIC 


CONTINUE 

READ(2,399) TS 

DI 20 I21,89 
BCI)*FLOATCIe2¢(I)) 

C(I)= ACI) **#2.-2(1)*%*2.0 
COWTINUE 

DC71)#(C(1)4C(2) )*DELTA/S. 
soaz0(1) 

DD a) I=2,88 

JzIo!1 

DCL)=( (CCI) *CCJ)) *DELTA)/2.~ 
SUMBD(I)+¢SUR 

CINTINVUVE 

RBEAD( 3,719) XLAB 
WRITE(S,719)XLAB 

WRITE (5,301)S0% 
FORMAT(C® SOM= °,£18.7) 
TE(SUM.LT.0-) 3O TO &2 
G2 TO 4&8 

READ( 8, 499)N 

IPC R.LT.0) GO TO 498 

G3 TO 5 

po $0 I#1,68 

ECT )=0(I)/SUF 

ARAY( 1,1) 2E(L) 

Te CARAYC1,1)osTe0e) $0 T3 4&6 
ARAY( 9,12) 29.090001 
NRAY( 2,2) #FREOC(T) 
CONTIVUE 

NVARS#2 

yersesss 

LABEL2<-8 

ISCcL=-2 
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AE. SPECTRA KORMALIZATION, PLOT, AND PAIRED T STATISTIC 


Cc 
C 
Cc 
Cc 
Cc 
Cc 


. 
c 


C 
c 
Ss 


FIIME20. 

L90K=2 

MOVE = 1 

NROW=2 

NX=2 . 

DATA KSCL/109. 41090. ,00502/ 

IFCMIKELILMARSE)GO TD 59 

CALL PICTRCARAY,NROW,XLAB,XSCL,NVAPS,NPIS,NX,4OVE,LASEL,ISCL,FIIME 


*,LOOF) 
59 CONTINUE 


DD 60 181,88 
FCI) SC ECI) + F(T) ) 
G(T) EC E(T)**2.9)¢6(T) 


60 CONTINU: 


NOW PEAD EITHER & TITLE CARD CONTAINING A POSITIVE INTESER IN 
COLUNKS ONE AND TWO OR A NEGATIVE “UPBER IN COLUMNS ONE AND THO. 
A POSITIVE NUNBER IMDICATES THAT A NEW SPSCTRA FROM THE SAME 
SPECIMEN IS TO BE PROCESSED. A NEGAITVE NUMBER SIGNALS THE END OF 
SPECTRA TS BE PROCESSED FOR ANY ONE SPECIMEN AND ALLOWS THE 
PROGRAMS TO GO OF. 

READ(3,899)% 


430 FIREAT(iz) 


MIKE = 1 ¢ MIKE 
IFC(N.LT.0)S0 TO 500 


Pept, 
G9 TO 5 
IT IS T@PORTANT TO INCLUDE A NESATIVF NOMBER IN COLUMNS 1 & 2 
AFTER ALL OF THE SPECIRAL DATA OF AWY ONE SPECIMEN. 
8398 PeP-1 © 


590 bsP+1.0 


P INDICATES HOW MANY SPECTRA WERE READ IN FOR EACH SPECIMEN 
“OW CALCULATE THe MEAN SPECTRAL SIGNATURE WITH ITS STANDARD 
DEVIATICN FOR EACH SPECIMEN. 


alge ls’ 








AoE. SPECTRA MIRMALIZATION, PLOT, AND PAIRED T SPATISTIC 


AANANAA 


aAaNCcCaANn 


550 


620 


720 


vd 555 I=1,88 
SEDCTIESQRICAIS CCP Y*S(T) SCI) **2,.)/(0*(P-1.)))) 
PYEANCI)= FCID/P 

CINTINVE 

Q=Q+t 


-Q COUNTS THE NUMBER OF SPECIMENS AND IS AN INTEGER 


Dd 629 181,88 

THYEANCO, I )sF*EANCI) 

TSTD(9,I) =zSTOCT) 

CONTINUE 

READC9, 890) XK 

FOLLOsSING THE WEGATIVE INTEGER PLACED AT THE END OF A SPECIMEN'S 
DATA SET, ADD AK ADNDTTISVWAL K CARD. A BLANK CARD OR POSITIVE NO. 
IX COL. 1 &© 2 INDICITES TAAT BORE SPFCIYENS ARE TD 3E READ. 

A WEGATIVE “OMGER IX COLUINS 462 INDICATES THAT ALL DATA SAS 
BEE® READ FROM ALL OF THE SAMPLES. 

IPF(K.LT.0) GO TO 700 

GO TO 2 

CINTINTE 

THE FOLLOWING PLOT ROUIFTYVE REQUIRES OQ TITLE CARDS, ONE FOP EACH 
SPECI“ EN TRAT WAS AWALYZED. THESe CARDS FOLLOW TWO MINDS INTEGER 
CARDS dulcn JADIEATEN Tilak ALL SPECI™“ENS*® DATA HAD BEEN REAN IN. 
THE FIRST FORTY COLOENS WILL BE USED TO LASEL THE X AXIS AND THE 
SECO"D FORTY COLUSHS VILL BE USED TD LABEL THe Y AXIS. 

RVARS 23 

LASELs& 

SaOGza 

WXs® 

AJUEs-1 

DO 729 J*1,0 

DO 715 121,88 

ABRAYCT,IL)STBEAN (3,1) 

IPCAPRAY(1,1).ST.0-) SO TD 710 


Aine 





AWE. 


AANAANAANAANANAAAND 


SPECTRA NORMALIZATION, PLOT, AND PAIRED T STATISTIC 


ARRAY(1,1)70.000091 
710 ASRAY(2,I)"TMEAN(J,I)-2STO(I,2) 
IFCARRAY(2,1).GT.9.) SO TD 712 
AQBAY(2,1)20.999991 
712 AQRRAY(3,I)#TMEAN(IJ,I)*TSTO(I,21) 
IFCARRAY(3,1).5T.%-) SO TD 718 
ARBAY(3,1)20.000001 
710 ARRAY(&,I)=FREQ(T) 
716 CONTINUE 
READ( 3,719) XLAB 
@RITE(S,718)XLAB 
718 FORAAT (49A2) 
PAUSE 2 
CALL PICTR(ARRAY,NROW,XLAB,XSCL,NVARS,RPTS,NX MOVE,LAGEL,ISCL,FIIM 
*£,LO09«) 
720 CONTISUE 
THIS NEXT ROUTI“E COM"ENCES A PAIRED SAMPLE T STATISTICAL TEST OF 
©7 DOFTREES OF FREEDOM. IT TESTS THE NULL HYPOTHESIS THAT ONE 
SPECISEN*S MEAN NORYALIZED SPECTPAY. SIGNATUR®S IS FROM THE SAME 
EMSESALE AS PROITHER SPECIYVEN'S YEAN RORMALIZED SIGNATORE. THIS 
PEST SSMELS TURF CACH SPECIMEN'S SIGHATISS COMES FRI A NORMAL 
POPULATION OF SAPELE SPACE MEAN SPECTRAL SIGNATURES. THEN THE 
PRIRED T STATISTIC YAY BF USED RESARPLESS OF SHETHER THE SAMPLES 
ABE INDEPENDENT ( SAMPLES FAY BE CEPENDENT UPON FREQUENCY ) 38 
WHETHER THE POPULATION VARIANCES ARE EQUAL ( THEY PRISABLY ARE 
SOT >) 
THIS SECTION OF THE PROGRAM PEQUIRES THAT AT LEAST TWO SPECIMENS 
BE AVAILABLE FOR ANALYSIS. (9 MUST GE GREATER THAR ONE ) 
YF(Q.L7.2) GO FO 730 
L29-1 
D9 732 K=1,L 
oye) 733 J=1,) 
IFC J.ST.Q-K) GO TO 730 


nly 








Ee SPECTRA NORMALIZATION, PLOT, ANDO PAIRED T STATISTIC 


ND zJeKx 
0D 725 121,98 
FCI )=TMCAN( J.T) 
GCI )=PSEAN(NO,T) 
725 COMTINUE 
T=0. 
CALL PAIRI(F,S,T) 
WRITE(S,740) T,J,%9 
730 CONTIKOSE 
730 FOBMAT(*® PAITREO T STATISTIC IS °,£1%.7,* FOR SPECIMEN *, I2,° AND 
*SPECINEN °, 12) 
stop 
END 
*MAINS HAS NO ERRORS 
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AcE. SPECTRA RIRMALIZATION, PLOT, AKD PAIRED T STATISTIC 


SUBROJTIVE PAIRTCA,5H,T) 
DIMENSION A(S&B),PF(66),A1(98),k2(28) 
D=#0. 
C#0. 
DO 809 T=1,68 
AW(T) = ACI) -BC(T) 
A2(T) = AI(T)*°*%2. 
CeA1(T) Cc 
De A2C(I) +D 
890 CONTINUE 
E2t/43. 
$008((0-(5%*2.)/68.)/4556.)*°0.5 
TeE/SO 
RETURS 
Em 


SOBROJTINE FIAIT(A,3,C,0,£8,%) 
DISESSION AC88),B(8B),C(89),0¢(82) 
DO 6S) 181, 
ACI)=2. 
B(T)=#). 
C(I 226 
D(I)=). 
850 CONTINUE 
Es0. 
RETURBN 
ERD 
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Appendix C. Tabulation of AE Svectral Energy, AE 


Pressure (RMS) Excitation of the Transducer, and 


Presentation of Normalized Spectral Energy Distributions 


oe eee. 
-_ 





for Each AE Event 


1. Normalized AE spectral energy distributions are 
presented for each AE sampled just prior to specimen 


rupture, 


2. The group of normalized AE spectral energy 
distribution graphs for each specimen are preceded by 

a tabulation sheet containing the graph identification 
code numbers (from the X axis on each respective gfraph), 
AE energies used to normalize each of the graphs, and 


their AF vressure (RMS) excitation respectively. 


3. The units on the Y axis of each graph are non- 
dimensional. The procedure used to normalize the AF 
spectral energy distributions is accomplished as follows: 
a. The spectral energy distribution of an AF is divided 
into 10 kHz wide increments between 130 kHz and 1 MHz. 
b. Each incremental area is divided by the summation of 
all of the increnental areas. (This is energy divided 
by energy. ) 
c. The resulting value represents the fraction of total 
detected AE energy contained in each 10 kHz wide band- 
120 





width (frequency increment). Each of these values is 


bandwidth to generate a "normalized spectral energy 





m@astribution ". 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 10°) 


Hee? 


LV2B 0122MAR77 54,366 x 10°? 59.58 
0222MAR77 67.899 x 10°” 63.95 
0322MAR?77 14h,03 x 10°? 85,26 
0422MAR77 434.33 x 1077 116.1 
0522MAR77 64.097 x 107? 69.47 
0622MAR?7 918.29 x 10°? 1153.06 
0123MAR77 323.18 x 10°” 108.78 
0223MAR?7 85.526 x 10°? 65,52 
0323MAR77 30.386 x 107° 49,24 
0423MAR77 218.24 x 10°” 72.94 
0523MAR77 478.56 x 10°? 122.04 
0623MAR77 99.568 x 10.7 61,225 
0823MAR77 16.060 x 107° Ki 4S 
0923MAR77 230.46 x 107° 922.78 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Daswerib. 
Graph Code Number 


LV2C 0108MAR77 
0208MAR77 
0308MAR77 
0408MAR77 
0508MAR77 
0608MAR77 
0708MAR77 
0908MAR77 
1008MAR77 
1108MAR77 
O808MAR77 


Energy per AE 
(Joules) 


Pax 10°) 
50,520 x 107? 


600.69 x 1077 


247.07 
22.939 
10.406 
24 446 
220.73 
100.75 
99.711 
32.859 
100.75 
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Xx 


X 


x 


10°? 
107? 
107? 
107° 
10 ~? 
10°? 
107? 
1077 
107? 


RMS Pressure Across 
Face of Transducer 


67.024 
140, 84 
104,84 
55.32 
45.47 
605.29 
94.87 
7 ee 
70,56 
56.83 
(ANS ail 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. 
Graph Code Number 


Energy per AE RMS Pressure Across 
(Joules) Face of Transducer 


(Pa x 10°) 
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LV2G 1021MAR77 91.164 x 10°? 66,93 
1121MAR77 126.25 x 107? 76,20 
1221MAR77 63.196 x 10°? 62.72 
1321MAR77 56,881 x 10°? 69.48 
14.21MAR77 80.437 x 10°? 64,96 
1521MAR?77 1.4880 x 107° 183,64 
1621MAR?77 91,072 x 10°? 76.06 
1724MAR77 60.676 x 10°? 61.46 
1821MAR?7 159,60 x 10°? ~—- 82.87 
1921MAR77 190.72 x 10.7 82.76 
2021MAR77 269,14 x 107? 100,66 
2121MAR77 487,21 x 10°? 116.714 
2221MAR77 414.73 x 107 103.71 
2321MAR77 898,88 x 10°? 148.61 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. 
Graph Code Number 


Energy per AE RMS Pressure Across 
(Joules) Face of Transducer 


(Pa x 10°) 
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LV2H 0118MAR77 135.25 x 10°” 63,82 
0218MAR77 306.51 x 107? 87.01 
0318MAR77 280.24 x 10°? 74,22 
041 8MAR77 410,84 x 107? 123.14 
0518MAR77 1.0054 x 107° = 135.67 
0618MAR77 179.95 x10? 74,22 
0718MAR77 388.96 x 10°? 101.15 
081 8MAR77 119.82 x 107° 2ae 
0918MAR77 2.1332 x 107° 1175.05 
1018MAR77 1.3396 x 107° = 14813 
1118MAR77 1.4000 x 107° = 151.44 
1218MAR77 1.7662 x 107° 170.09 
011 9MAR77 116.28 x 107” 71.06 
0219MAR?7 244.21 x 107? 89,69 
0319MAR?77 125,80 x 10°? 81.93 
0121MAR77 265.88 x 10°? 100.25 
0221MAR?77 271.25 x 1077 121.73 
0321MAR77 506,68 x 10.7 106.51 
04.21MAR7? 2.199 x 107° 180.96 
0521MAR77 158,70 x 10.7 67.63 
0621MAR77 W239 x 107° 126292 
0721MAR77 2.1031 x 107° = 166.31 





Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer'’s Face for Each Spectra 


Spectral Distrib, Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 
(Pa x 10?) 

LV2H 0821MAR77 1.0554 x 107° 147,98 

0921MAR77 673.47 x 10°? 113.28 

0110MAR77 2.3945 x 107° 193.03 

0210MAR?7 848.16 x 10°” 122.82 

0310MAR77 1.5972 x 107° —- 156.87 

O44 OMAR??? 132.91 x 10°” = 72.98 

0510MAR77 261.59 x 107” 82,95 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 10) 


eer ret ee 


LoS 


LV1B 0122FEB77 284.06 x 10°? 103.00 
0222FEB77 140.27 x 10°? 72.38 
0322FEB77 21.626 x 1077 = 44, 98 
0422FEB77 102.54 x 107? 70.07 
0123FEB77 17.952 x 1077 45,214 
0223FEB77 47,606 x 107? 53.08 
0323FEB77 22.855 x 10°? 42.89 
0423FEB77 125.98 x 10.” 78.68 
0523FEB77 73.631 x 1077 52.44 
0623FEB?77 145,89 x 10°” 80,16 
0723FEB77 53.872 x 10.7 60.59 
0823FEB77 116.46 x 10°? 75.26 
0923FEB?7 259.37 x 1077 91,07 
1023FEB77 110.16 x 10°” 69.00 
1123FEB77 27.308 x 1077 = 3.23 
1223FEB77 15.637 x 10.7 = 49,33 
1323FEB77 32.859 x 10°? — 52,81 
1423FEB77 48,236 x 1077 55,17 
1523PEB77 34.290 x 1077 50.61 
1623FEB7? 65.353 x 10°? 62.34 
1723FEB77 20.274 x 10.7 53.56 
1823FEB77 130.48 x 107? 76,90 








Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


spectral Distrib. Energy per AE RMS Pressure Across 
Graph Code Nunber (Joules) Face of Transducer 


Pe rss 10>) 


LV1B 1023MAR77 238.82 x 10°? = 117.32 
1123MAR?77 2.42909 x 107° ~—- 230.51 
1223MAR77 159.98 x 10°? = 123.77 
1323MAR?7 535.20 x 10°” = 175.63 
14.2 3MAR?77 216.33 x 1077 104.21 
1523MAR?77 2.5170 x 107° =. 267.27 
1623MAR77 285.55 x 10°? 110.09 
1723MAR77 202.23 x 10°” 125.70 
1823MAR?7 197.65 x 107? 76.06 
1923MAR77 949.71 x 1077 = 127.15 
2023iAR77 119.61 x 107° 708.26 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


RMS Pressure Across 
Face of Transducer 


(Pa x 16°) 


Spectral Distrib, 
Graph Code Number 


Energy per AE 
(Joules) 


250 


LV4A 0119FEB77 93.634 x 10°? 75,10 
0219FEB77 94,549 x 1077 75,47 
0319FEB77 67.462 x 10°? = 69.614 
0419FEB77 58,222 x 107 71.95 
0519FEB77 47,261 x 107? 64, 83 
0619FEB77 87,986 x 10°” (E10 
0719FEB77 69.420 x 107? 64,67 
0819FEB7? 80.749 x 1077 69.74 
0919FEB?7 77,356 x 10°? 68,04 
1019FEB?7 60.352 x 10°? 75,07 
1119FEB77 224,96 x 107? 94, 34 
1219FEB77 74.454 x 107? 65.91 
1319FEB77 35.989 x 10°? 62.88 
141 9FEB77 19.971 x 10°? 46, 84 
1519FEB77 529,30 x 10°? 120.03 
1619FEB77 25.163 x 10°? 57,94 
1719FEB77 48,637 x 107? 59.80 
1819FEB77 19.216 x 10°? 50,63 
1919FEB77 1.0218 x 107° 162.79 
2019FEB?7 49,909 x 107? 68,26 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 10°) 
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LV4C 0105FEB77 30.114 x 10°? s-47,62 
0205FEB77 136.38 x 10°? 83.65 
0117FEB77 60.006 x 1077 52,03 
0217FEB77 1.2944 x 107° 13187 
0317FEB?7 76.303 x 10°? ~—-71.72 
044 7FEB?7 26.521 x 107 55,64 
0517FEB77 40.270 x 10°” 67,92 
0617FEB77 95.416 x 10°? 71.35 
0717FEB77 270.46 x 10°? 84,46 
0817FEB?77 208.88 x 10°” ~— 82,72 
0917FEB?77 78.044 x 1077 72.40 
1017FEB77 293.95 x 10°? —- 88.11 
1117FEB77 1.0465 x 107° = 145.59 
1217FEB?7 116.92 x 10°? = 21.599 
1317FEB77 211.88 x 10°? 68.30 
1447FEB77 180.45 x 10°? 86.73 
15u78E38? 7 2.0712 x 107° 162.99 
0118FEB77 111.34 x 10°? 559.57 
0218FEB?7 525.35 x 107 124.00 
0120FEB77 838.43 x 10°? 128,85 
0220FEB77 79.977 x 10°? 79.72 
0320FEB77 61.196 x 107? 56.90 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. 
Graph Code Number 


Energy per AE 


(Joules) 


RMS Pressure Across 
Face of Transducer 


(Pa x 10°) 


LV4C 0420FEB?7 
0520FEB?77 
O620FEB77 
07 20FEB?7 7 
0216FEB?77 


151.62 x 10°” 
295.07 x 10°” 


to on x 
Caer 0 x 
1366 50x 


Zac 


10 
10° 


10 


6 


9 
2 


86.78 
90.82 
a ) 


fs WS, 
83,64 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Seeecral Distrib. Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 10°) a 
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LV5C 0126FEB77 49,645 x 10°? 69.85 
0226FEB?77 92.405 x 107? 7One2 
0326FEB77 9.6739 x 107? 40.52 
0426FEB77 34.964 x 107? 61.97 
0526FEB77 101.82 x 10°? — 83,00 
0626FEB77 uy. 544 x 107? 67.61 
0726FEB77 179.37 x 10°? 83.53 
0826FEB77 932.57 x 10°? 142.30 
0926FEB77 165.52 x 10°? 79.42 
1026FEB77 130.91 x 10°? —- 73.87 
0127FEB77 747.99 x 1077 140.06 
0227FEB77 147.70 x 10°? ~—- 82.02 
0327FEB77 169.17 x 10°? 87.78 
0427FEB77 80.192 x 1077 63.62 
0527FEB77 230.10 x 10°? 93.27 
0627FEB77 268.44 x 10°77 95,47 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib, Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 10°) 


a7 


LV5D 0102MAR77 36.426 x 10°? = 558,32 
0202MAR77 59,885 x 10-7 59.12 
0302MAR77 31,864 x 10°? —- 49.38 
0402MAR77 13.352 x 107? 38.30 
0502MAR77 23.099 x 1077 50.37 
0702MAR77 25,069 x 10°77 = 52.48 
0802MAR77 14,559 x 1077 39.99 
0902MAR77 57.959 x 1077 68,04 
1002MAR77 346.82 x 1077 101,39 
0103MAR77 63.885 x 1077 61.25 
0203MAR77 97.099 x 1077.75.54 
0303MAR77 39.826 x 10°? 64.28 
0440 3MAR77 20.661 x 10°? 47,64 
0503MAR77 25,322 x 10°77 952. 74 
0603MAR77 15,500 x 10°? 38,04 
0703MAR77 7.5272 x 10°77 32,88 
0803MAR77 13.384 x 1077 43,85 
0903MAR77 30.972 x 1077 51..99 
1003MAR77 409.50 x 1077 108.47 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 
Spectral Distrib. 


Energy per AE RMS Pressure Across 
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Graph Code Number (Joules) Face of Transducer 
Pa x 10°) 

LV5G 0121FEB77 15.358 x 10°? 46.97 
0221FEB77 26.557 x 10°? 34.49 
0321FEB?77 106.74 x 10°? 66.56 
0421 FEB?7 27.987 x 1077 52.45 
0124FEB77 34.576 x 1077 -49.45 
0224 FEB77 3.7373 x 10°” = 22.33 
0324FEB77 45,547 x 10°? 56.76 
0424FEB77 42,060 x 10°? 52,96 
0524-FEB77 215.36 x 10°? ~—81.87 
0624FEB77 50.140 x 107-7 54,09 
0724 FEB?7 36.707 x 10°” 558, 54 
0824FEB?7 513.01 x 10°? 98.87 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib. 
Graph Code Number 


Energy per AE 
(Joules) 


RMS Pressure Across 
Face of Transducer 


330 


(Pa x 10°) 
LV5H 0104MAR77 26.764 x 10°? 54,22 
O204MAR77 31.657 x 10°? $9.32 
030LMAR?7 31.408 x 1077 = 60.54 
O4.OLMAR?? 8.4916 x 10°? 33.52 
O5QUMARI7 23.627 x 107” 50.94 
0604MAR77 38.571 x 10°? 65,09 
0704MAR77 10.352 x 1077 37.16 
O804MAR77 14,012 x 1077 43.23 
O904MAR77 16.728 x 107-7 4&7, 2h 
1004MAR77 84,079 x 10°? 67.17 
11 04MAR?7 44.115 x 10°? 67.20 
1204MAR77 19,924 x 10°? 58,16 
1304MAR?7 39,082 x 10.7 65.14 
0108MAR77 26,854 x 10°? 52.78 
0208MAR7? 19.545 x 10.7 45,03 
0308MAR?7 29,020 x 10°? 53.44 
04.08MAR77 14,253 x 10°? 40.79 
0508MAR77 17.506 x 1077 =-48.67 
0608MAR77 16.465 x 10.7 47,20 
0708MAR77 16.016 x 10°? 44, 65 
0808MAR77 27.133 x 10°72 54.92 
0908MAR77 28,643 x 1077 44,02 





Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


Spectral Distrib, Energy per AE RMS Pressure Across 

Graph Code Number (Joules) Face of Transducer 
(Pax 10° | 

LV5H 1008MAR?7 36.255 x 10°? = 64.33 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer'’s Face for Each Spectra 


Spectral Distrib. 
Graph Code Number 


Energy per AE 
(Joules) 


RMS Pressure Across 
Face of Transducer 


__ (Pax 109) 


ooo 


LV5CA 0130MAR77 1.7888 x 10° ~—-218.45 
0230MAR7? 6.7522 x 107° =. 328.17 
0330MAR77 19.319 x 107° = 557.67 
0430MAR77 5.4721 x 107° = 316.51 
0530MAR77 16.676 x 107° 524.97 
0630MAR?7 69.977 x 107° = 842.27 
0730MAR?77 27.469 x 107° 623.38 
0830MAR77 5.3556 x 107° = 302.91 
0930MAR77 7.1864 x 107° 338.68 
1030MAR?77 6.1334 x 107° 306.15 
1130MAR?7 4.7946 x 107° 328.85 
1230MAR77 48,688 x 107° 724.95 
14.30MAR77 15.673 x 107° 447.11 
1530MAR77 48,649 x 107° = BU2. 46 
1630MAR?7 13.237 x 107° 482,94 
1730MAR?77 7.5903 x 107° 403.63 
1830MAR77 9.3417 x 107° =: 405.02 
1930MAR?7 15.569 x 107° 523.74 
2030MAR77 Conca flame 543,18 
1330MAR77 12.697 x 4h? 12 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Fach Spectra 
Seectral Distrib. 


Energy per AE RMS Pressure Across 


Graph Code Number (Joules) Face of Transducer 

Mee x 107) 

LV5CG 0124MAR77 16.920 x 107° 460,49 
0224MAR77 34.423 x 1077 = 52.87 
0324MAR77 4.627 x 10-7 50.28 
O424MAR?7 398.86 x 10°” 103.60 
0524MAR?? 91.554 x 107? 64,58 
0127MAR7? 341.48 x 107? 106.15 
0227MAR77 65.203 x 107° 720.34 
0327MAR77 32.347 x 107° 578.48 
O427MAR?? 6.8735 x 107° = 1124.79 
0128MAR77 298.29 x 107° 1347.32 
0228MAR77 533.58 x 1077 112.17 
0328MAR?7 294,27 x 1077 —-91..95 
04.28MAR?7 12.702 x 107° 444,01 
0628MAR7? 28.713 x 10°? 39.14 
0728MAR77 85,000 x 1077s 58. 74 
0828MAR77 529,42 x 10° 1532.09 
0928MAR77 616.46 x 1077 118,49 
1028MAR77 90.121 x 10°? 64,86 
1128MAR77 334.82 x 107° 1413.66 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 


ewectral Distrib. Energy per AE RMS Pressure Across 
Graph Code Number (Joules) Face of Transducer 


(Pa x 107) 
761.34 x 1079 


biel) 


LV5CI 0102APR77 128.73 
0202APR77 63.556 x 107? 60.90 
0302APR77 281.42 x 10°? ~— 89.78 
O402APR77 399.57 x 1077 B84, 54 
0502APR77 1.8440 x 107° 185.38 
0101APR77 668.69 x 107? 113.58 
0201APR77 233.00 x 1077 80.59 
0301APR77 167.29 x 107? 82.41 
0401APR77 234,84 x 1077 79,61 
0127MAR77 493.99 x 1077 114,47 
0227MAR77 42,145 x 10°? 46.76 
0327MAR77 128.95 x 10°? 75,14 
OL27MAR77 22.113 x 10°? 65,914 
0527MAR77 298.64 x 1077 = 81.00 
0627MAR7? 324.11 x 1077 89.48 
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Summary of Energy per Acoustic Emission and RMS Pressure 
Across the Transducer's Face for Each Spectra 
Spectral Distrib. 


Energy per AE RMS Pressure Across 


413 


Graph Code Number (Joules) Face of Transducer 
_ (Pa x 10°) — 

LV5CJ 0624MAR77 517.28 x 107? 109.20 
0724MAR77 12.377 x 1077 38.49 
0824MAR77 23.492 x 1077 45.71 
0924MAR77 180.25 x 10°? 82,54 
1024MAR77 756.61 x 1077 128.78 
1124MAR?77 31.122 x 107? 46.39 
1224MAR7? 1.4247 x 107° ~—- 29.76 
1324UMAR?7 117.68 x 10°? 61.238 
14 24MAR?77 979.95 x 10.7 1143.06 
152UMAR77 217.47 x 10°? ~—- 81.327 
1624MAR77 1.1596 x 107° = 1143.06 
1724MAR?7 533.24 x 1077 109.80 
0127MAR77 925.68 x 10°77 131.48 
0227MAR77 171.64 x 1077 80.714 
0327MAR77 230.49 x 10°? 90,631 
0427MAR77 323.26 x 10°? 96,370 
0527MAR77 348,48 x 1077 100,84 
0627MAR77 21.155 x 10°? 37.562 
0727MAR77 91.498 x 10°? 60.947 
0827MAR?7 567.39 x 10°? 113.67 
0927MAR77 26,342 x 1077 41.916 
1027MAR77 1.0189 x 107° 187 oD 
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Anpendix D. The Paired-Sample t Statistic 


If the difference between sample variances is large 
or if it is otherwise unreasonable to treat the DOM tlen 
variances as being equal, several alternative methods 
can be used which do not reauire the assumption of equal 
vopulation variances, One of these, the paired-sample 
t statistical] test, applies to two random samples of the 
Same size, which need not be independent, Briefly, the 
procedure is to work with the differences of paired 
observations, where the first member of each pair comes 
from the first sample and the second member comes from 
the second sample and then use what is called a one-sample 
t test to determine whether the mean of the differences 
is significantly different from zero. Two examinations can 
be made at each of "n " different frequencies in the case 
of spectral energy distributions. In many other appli- 
cations, the pairing can be randon. The major assumption 
made bv the paired-sample t test is that al] samples 
cone from normal populations ( to within a reasonable 
degree of avoroximation ), 

The one-sample t test can be described as follows: 

TF XY is the nean of a random scanpole of size "n " taken 


from 3 nornal population having a mean of zero and an 


mren t = lhe is the value of a 


unknown variance, s 
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random variable havine the Student t distribution where 
nis the nurber of samples and S is the sample's standard 
deviation. This statistic carries 4 specification of 

its " degree of freedom "( which is simply n-1 ). The 
Shave of a" t " distribution is similar to that of a 
normal distribution. Like the standard normal distribu- 
tion, the t distribution has a mean which is equal to 
zero, out its variance depends upon the nurber of degrees 
of freedoyr. For large numbers of degrees of freedom 

‘n greater than 30 ) the t distribution can be avvroxi- 
mated bv the standard normal distribution. 

Onee the valne of t has been calculated it wil] 
verv rarely be zero ( this would imply that the mean 
value of the samnled differences between two spectral 
distributions is zero \). However, as the value of t 
avrrnaches zero, the probability or confidence increases 
that the mean value of each spectral] distribution is the 
same, which could imply that both sanple normalized 
snectral energy distributions come from the same “master" 
mee orie distribution. 

™ initiate a test to either reject the hypothesis 
that tre true mean of both spectral distributions is the 
same or to make no rejection decision and tacitiv accept 
the hyvothesis, requires the selection of a " level of 
cimonificance ". The level of significance ranges fron 


values hetween 0 and 1. The higher the level of 
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Significance the more "picky" the test becomes, 

allowing less and less variation between spectral 
distributions. The level] of significance must be 
carefully selected, particularly ina group of spectral 
energy distributions exhibiting a great deal of variation. 
An inordinately rigid or high level of sispnificance 

will result in 3 large number of erroneous rejections of 
sample spectra which actually come from a population 
having the same "master" spectral energy distribution. 
Conseauently, the level of sisnificance should be chosen 
only after exanining its imvact upon sample spectra which 
are known or assumed to be generated by the same predoni- 


nant mechanis™. The ideal level of significance will 
allow acceptance of most of the sample spectra which are 
generated by the same predominant mechanism, and will 
reject those samnle spectra which are generated by 
different predoninant mechanisms. 

Once the level of significance is chosen, the test 
proceeds as follows: 

i. Divide the level of sienificance by 2. 

eae Heden to either “t statistic tables” or, ii 
the differences between the two spectral distributions 
are sampled at ~ore than 30 different frequencies, to 
tables of the "normal distribution function," 

3. Tf the t statistic tables are used, read the 
value of t directlv off of the table after entering 


with one half of the level of sipnificance and the number 
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ef degrees of freedom ( where the number of degrees of 
freedom is equal to the number of sampled frequencies minus 
one ). If the normal distribution function tables are 
used, locate the value ( 1 - 3(level of significance) ) 

and read the value of t off of the chart's axis. 

4, If the absolute value of t computed from the 
comparison cf the two spectral energy distributions is 
meeaver than the value of t arrived at in step #3, the 
hypothesis that " both spectra have the same master 
Seectrai enersy distributicn " is rejected. If the 
absolute computed value of t is less than that which was 
arrived at in step #3, no rejection decision is made and 
the hyvothesis being tested is tacitly accepted. 

The fact that frequencies may be sampled at intervals 
to within the limit of spectral resolution capabilities 
of the test instrumentation, and that spectra may be 
compared over any frequency band of interest, makes 
the pvaired-sample t test a particularly flexible one. 

It is most productive when applied over frequencies 
having 2 significant svectral energy content. 

As an avplication of the paired-sample t test, 
the mean normalized spectral energy distribution was 
computed for each specizven from a sampling of AE spectra 
taken just prior to specimen failure. Fach specimen's 
mean nornal:zed spectral energy distribution was then 
compared to all other specimens' mean spectral energy 
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distributions using the raired-sanple t test between the 
Treaquencies 125 kHz to 800 kHz. The differences between 
spectra were computed at 10 kHz intervals ( the limiting 
resolution of the spectral analyzer ) at a total of 68 
differont frequencies, A level of significance of 0,74 
was used, Table 9 lists the specific specimen pairs 
which were rejected by the test, having been judged to 
heave statistically significant differences exhibited in 
mheir spectra. Table 10 gives the value of the t statisc- 
tic which resulted from the comparison of each pair of 
specimens, 

For instance, Table 9 indicates that at a level of 
sisnificance of 0.741, if the absolute value of t 
conputed in the paired-sample t test is greater than 0.331, 
the specimens comprising that pair will be declared 
" statistically different ". The first pair declared 
statistically different is found in the first row of 
Table 9, LV2B and LV1B. Table 10 designates snecimen 
T,V2B as #1 and specimen LV1B as #5. Table 10 indicates 
that the + statistic is 0.4897 for tre pair comprised 
of specimen #1 and specimen #5. Since .4897 is greater 
than .331, the svecizens in this pair are declared 
Pteamisticaliv different. On the other hand, Table 10 
indicates that the t statistic is 0.1940 for the pair 
comprised of specimen #1 (1.V2B) and specimen #2 (LV2C). 
Since .1940 is less than .331, this pair in not declared 
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statistically different and consequently does not appear 


ma table Q., 


dyle 4 








Table 9 
Rejection Table for Paired-Sample t Test 


Bevel of significance = 0,741, 
Reject the tested hypothesis that "both specimens have the 


Same naster mean nornalized spectral CnNerey distpwoun lone it 
bal MH greater than 0.331. 


Rejections 


LV2B: LV1B, LV4A, LV5D, LV5G, LV5H, LV5CA, LV5CG, LV5CJ 

LV2C: LV2H, LV4A, LV5D, LV5G, LVSH, LV5CA, LV5CG, LVS5CJ 

LV2G: LV2H, LV4A, LV5D, LV5G, LV5H, LV5CJ 

LV2H: LV2C, LV2G, LViB, LV4A, LV5C, LV5D 

Peewee: §6V2B, LV2H, LV5D, LV5G, LV5H, LV5CA, LV5CG 

LV4A: LV2B, LV2C, LV2G, LV2H, LV4C, LV5C, LVS5D, LV5G, 
ion, LV5CA, LV5CG, LY5C1I, LV5CU 

LV4C: LV4A, LV5D, LV5G 

Sc: LV2H, LV4A, LV5D, LV5G, LV5H, LV5CG, LVSCJ 

LV5D: LV2B, LV2C, LV2G, LV2H, LV1B, LV4A, LV4C, LVSC, 
MroG, LVSH, LV5@A, LV5CG, LV5CI, LVSCJ 

LV5G: LV2B, ~V2C, LV2G, LV1B, LV4A, LV4C, LV5C, LV5D 

LV5H: LV2B, LV2C, LV2G, LV1B, LV4A, LV5C, LV5D, LV5CJ 

BV5CA: LV2B, LV2C, LV1B, LV4A, LV5D 

LV5CG: LV2B, LV2C, LV1iB, LV4A, LV5C, LV5D, LV5CJ 

LV5CT: LV4A, LV5D 

meee. §V28, 1.V2C, LV2G, “V4A, LVSC, LYVSD. "VSH, LV5CG 
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Table 10 


t Statistic Values for Specimen Pair Comparisons 


Note: Each specimen number is indicated on the Jeft hand 
column of the first 15 rows. These specimen 
number designations are then used for identifi- 
cation later in the table, as the value of the 
statistic "t" is presented for each pair of 


conpared specimens, 
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Summary of Enersy per AF and MS Pressure for Ascending 
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Appendix F 
Notes on Operational Procedure for Tests and Data Analysis 


A. During the Test 

1. Insulate grips and loading pins with electrical 
tape. This is necessary to prevent spurious electrical 
signals generated by the Instron testing machine from 
saturating the acoustic emission equipment. 

2. Make sure that the grips are tightly bolted onto 
the specimen endtabs. Securing the upper grip before 
placing the specimen in the test machine and securing 
the lower grip after the specimen has been placed in 
the test machine is the recommended procedure, 

3. Remove the cotter pin in the test machine's 
upper fixture to allow for freedom of rotation in the 
horizontal plane. This will reduce any cross coupling 
torque which might otherwise be introduced in off-axis 
multi-ply specimens during the tensile test, 

4, Electrically ground the specimen to the common 
ground of the acoustic emission system. This may be 
done with wire or aluminum foil connecting the specimen's 
grips to the AE system ground. This will reduce 
electromagnetic interference (EMI). 

5. To further prevent EMI, shield all transducer 
leads and the preamplifier with several layers of heavy 
duty aluminum foil, This shield should be connected to 
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the transducer case, 

6, Some trials and tribulation are necessary before 
locating the optimum path for the cable from the 
preamplifier to the amplifier. Proper positioning of 
the cable in the testing room will reduce EMI, 

7. Take the AE output from the model 201 signal 
processor to the spectral analyzer, Spectral analyzer 
settings should be -20 dB reference and -20 dBm optimum 
input. Spectral analyzer should be run at 200 kHz per 
division in the auto-sweep mode. Video filter should be 
on full and the analyzer's oscilloscope should be in the 
linear presentation mode. If EMI is a problem, the 
oscilloscope will exhibit spikes superposed onto an 
otherwise flat spectrum... Review steps (4-6) if this is 
the case. Check electrical continuity between the 
specimen and the Instron testing machine with an ohmmeter, 
The meter should indicate an infinite resistance between 
them. If it doesn't, remove the specimen fron the test 
fixture and adjust the electrical tape insulation as 
necessary, 

8, The transducer can be attached after the specimen 
is secured in the test fixture. Two size 12 rubber bands 
with viscous resin (SC-6) couplant work quite well with 
12.7 mm. wide specimens. Balancing the transducer with a 
dummy transducer on the opposite side of the specimen will 
minimize any bending moments induced by the weight of the 
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transducer. (This is particularly important with the 
90° specimens) However, both transducers must share a 
common ground, even though the dummy transducer is not 
energized, if EMI is to be effectively eliminated. 

9. Make sure that none of the aluminum foil 
shielding touches the Instron test machine. 

10. Prepare the video tape recorder prior to testing 
by carefully cleaning the helical scan heads. Use the 
procedure in the operator's manual, 

14. Make sure that the tape recorder is on line 
synchronization. 

12. Follow the tape recorder operator's instructions 
to insure that all controls are set to their proper 
positions. 

13. If it is desired to measure AE-RMS on the X-Y 
recorder, calibrate the RMS background noise floor and 
establish that value as a zero baseline, Increase the 
sensitivity of the X-Y recorder and run the zero control 
down so that accurate RMS measurements may be made above 
the noise floor. 

14. Proper selection of scales on the time axis and 
Y axis of the X-Y recorder will greatly reduce later 
required data analysis effort. 

15. Make sure that all leads to the X-Y recorder are 
securely connected, Loose leads will result in severe 
EMI problems. 
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B. Data Analysis 

1. Clean the tape recorder's heads carefully before 
any playback of data. Use the operator's manual as 
necessary to gain facility with the use of slow action/ 
stop action and audio controls. 

2. The tape recorder output is taken to the 
synchronized gate box via a shielded cable, Take the 
"normal trigger" from the gate box to the external 
trigger input of an oscilloscope. Run the oscilloscope 
in the external trigger mode. Take the AE output from the 
gate box to the oscilloscope's Y axis input. Adept use 
of the gate, X axis multiplier, and horizontal position 
controls is essential for rapid data review, The gate 
Should generally be operated in the "a+b heads” mode. 

Use of the high or low width control settings on the gate 
box are dependent upon the duration of the signal. 
Verniers for gate width and position may be adjusted to 
accept only the data of interest, 

3. The reels on the tape recorder may be manually 
positioned while the tape recorder is in the stop action 
mode. Sweep time settings on the oscilloscope should be 
adjusted so that one sweep corresponds to one frame from 
the video tape recordey, The edges of the frame can be 
easily located due to the presence of high spurious noise 
in their immediate vicinity. Position these off the edges 
of the oscilloscope by adjusting both the reels ana the 


FOO 





oscilloscope'’s sweep rate control. 

4, After an AE event of interest is located and gated, 
the spectral analysis procedure may commence. 

5. Connections between the spectral analyzer and the 
X-Y recorder are available on the back of the analyzer, 
Use the vertical output for the Y axis and horizontal 
output for the X axis inputs to the X-Y recorder. Switch 
the X-Y recorder servo to on, Adjust the horizontal 
calibration control on the X-Y recorder so that one sweep 
of the analyzer's oscilloscope corresponds to ten 
horizontal chart divisions on the X-Y recorder, Then 
complete the operator's check and calibration procedure, 
as listed in the operator's manual, while the X-Y 
recorder is in the stand-by mode, 

6, Connect "cal" output to 50 ohm input, 

7. Set “optimum input” to O dBm and oscilloscope 
presentation to linear, 

8, Set "reference level" and "reference level fine" 
to zero, 

9. Set "freq span/div" to "F" and "time/div" to 
manual, Turn the video filter control fully clockwise, 

10, With manual control, set the peak of the 
calibration signal at 7.08 on X-Y recorder chart, taking 
care to adjust the X-Y recorder’s zero level, 

11. Iterate between “sero” and “cal” controls on X-Y 


recorder until the calibration signal produces 7.08 
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divisions of deflection on the Y axis of the chart, 
Calibration is now complete. 

12. Pen “up”, Adjust X-Y recorder "zero" control so 
the pen is positioned on the horizontal baseline of the 
chart. Position the spectral analyzer's sweep manually 
so that it is near (but not on) the calibration signal's 
spike on the oscilloscope, Switch X-Y recorder from 
"standby" to "on", Adjust the recorder's X axis “zero” 
control so that the pen is aligned slightly to the left 
of the intended vertical axis on the chart, 

13. Pen “down”, Manually run the sweep through the 
250 MHz calibration signal's spike.on the oscilloscope, 
The pen should follow and trace. the spike to the left of 
the chart's intended vertical axis as a calibration mark. 
Pen "up", servo on "standby", 

14, Change "freq span/div” to 100 kHz, "time/div” to 
one second and “resolution” to the lower of the 10 kHz 
settings (arrows together). This will give an oscilloscope 
presentation from 0 to 1 MHz. Remove “cal” input from 
spectral analyzer, 

15. Now turn horizontal axis “zero" control on X-Y 
recorder at least two full turns clockwise. Adjust 
"freq zero” on the spectral analyzer, using procedures 
given in the operator's manual. Analyzer's sweep mode 


should be reset to "single sweep". 
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16, Turn X-Y recorder servo to "on", and, after the 
sweep is completed, adjust the horizontal zero of the 
recorder so that the pen is approximately located over 
the vertical axis on the chart. Press the “zero check" 
button on the vertical controls of the X-Y recorder, 
Adjust the vertical zero control while the vertical “zero 
check” button is depressed so that the pen is centered 
over the horizontal axis. Make sure, while the vertical 
"zero check" button is still depressed, that the pen is 
centered over the vertical axis. Pen down (on the 
chart's origin). Remove finger from vertical "zero 
check” button. The pen will draw the vertical axis, 
Repeat several times - depress vertical "check zero" and 
release ~- to darken the vertical axis as desired. Again 
depress the vertical axis "zero check” button and hold it 
down. Pen down, Flick "single sweep trigger" on the 
spectral analyzer. The pen will draw the horizontal axis. 
Check the horizontal axis length and insure that it is 
ten major divisions long. Lift pen. 

17, Release vertical axis "zero check" button, The 
pen will move to the top of the vertical axis. With no 
input to the spectral analyzer, trigger “single sweep" and 
manipulate the vertical zero control so that the sweep's 
asymptotic zero is on the chart's baseline horizontal axis. 


The system should now be both calibrated and zeroed. 
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18, Put the X-Y recorder servo in “standby”. Now 
zero the frequency on the spectral analyzer using the 
procedure as indicated in the operator's manual. Switch 
analyzer's sweep mode back to "single sweep" when the 
frequency has been properly zeroed on the spectral 
analyzer, 

19. Find an AE event on the video tape using the 
procedures discussed previously. Initiate a "dry run"; 
with pen up and gated AE signal connected to the spectral 
analyzer’s "50 ohm input”. Set the X-Y recorder’s servo 
on, analyzer sweep rate to "10 sec/div" and trigger the 
"single sweep." Adjust the gain on the reference level of 
the spectral analyzer until the desired Y axis excursion 
of the X-Y recorder is obtained. To compute the Y axis 
calibration, divide all Y axis values on the chart 
(originally IMVpyc/div) by the "ref dB” gain setting. 

(for instance, an analyzer "-20dB ref" setting means that 
the Y axis on the chart is calibrated at 1 mv/10 per 
division or, more properly, 100 microvolts (RMS) per 
division per unit frequency. ) 

20, Re-zero the frequency on the spectral analyzer 
using standard procedures. Re-zero the chart’s asymptotic 
zero (with no input to the spectral analyzer) several times. 
Set the sweep control at 10 sec/div; set the sweep mode in 
"single sweep,” video filter on fully clockwise; input the 
gated signals switch the servo of the X-Y recorder to on; 
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pen down; trigger the single sweep, and be sure to flip 
the pen up just before the sweep is completed. 
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